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ABSTRACT
Effects of nitrogen and water on growth, photosynthesis, and leaf properties
of deciduous tree species with consequences for gypsy moth herbivory
Teri S. Myers

This study addressed the hypothesis that plants exposed to elevated N availability are more
susceptible to drought and insect herbivory. I grew seedlings of gray birch (Betula populifolia),
yellow birch (B. alleghaniensis ), and red oak (Quercus rubra) for two years under varying
levels of N and water availability in the field. Growth and biomass allocation were examined for
the three species. Photosynthetic response was determined and feeding trials with gypsy moth
larvae were conducted with both birch species. I found that the effects of nitrogen on growth and
biomass allocation depended on species, while water had no significant effect on these measures.
Both birch species showed increased total biomass, leaf area, and relative growth rate with
nitrogen fertilization. Red oak seedlings showed decreased root/shoot ratio and root weight ratio
with nitrogen fertilization. These changes could potentially increase transpirational water loss in
birch seedlings and reduce water uptake in red oak seedlings, making these species more
susceptible to drought. Photosynthetic rate, stomatal conductance, PWUE, PNUE, and
photosynthetic capacity of gray birch were greater than yellow birch and these differences were
independent of nitrogen and water supply. Gray birch foliage had greater water content, nitrogen
concentration, and sugar/condensed tannin ratios than yellow birch. Gray birch also had lower
C/N ratios and fewer condensed tannins than yellow birch. In this way, gray birch was a more
nutritive food source for gypsy moth and larvae had higher growth rates when feeding on it,
compared to yellow birch. When gypsy moth larvae were fed foliage from birch seedlings
grown under the different nitrogen and water regimes, larval nutritional indices changed in a
nonlinear and unpredictable manner. In summary, this study indicates that the interactive effects
of water and elevated N availability on growth and photosynthetic response may impact
competitive interactions between species with different life history traits. Furthermore, it is clear
that if changes in species composition occur in forests receiving elevated N deposition and
variations in rainfall events, they will impact feeding behavior and, thus, defoliation by generalist
insect herbivores, like gypsy moth.
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Chapter 1
General Introduction

Anthropogenic N inputs on land, including those from fossil fuel burning, N fertilizer, and the
planting of leguminous crop species, slightly exceeds natural N inputs (Galloway 1995). The
amount of N deposited to a region is directly related to its distance from the pollution source and,
in North America and Europe, high inputs often occur in forested regions (Ollinger et al. 1993;
Vitousek et al. 1997; Aber et al. 1998; Fenn et al. 1998; Erelli et al. 1998). The effects of
elevated N deposition on forest ecosystems depend on many factors, such as species
composition, land-use history, and hydrological flow associated with seasonal patterns in
precipitation (Adams et al. 1993; Aber et al. 1995; Fenn et al. 1998). Coniferous forests have
been shown to respond differently than deciduous forests to nitrogen inputs (Aber et al. 1989).
Conifer stands of North America and Europe receive high N inputs and, consequently, show
increased NO3 leaching, nutrient uptake imbalances, and tree mortality (Nihlgard 1985; Vitousek
et al. 1997). In comparison, there are many deciduous, hardwood forests receiving high N inputs
that do not display these symptoms (Aber et al. 1995). Researchers have suggested that
deciduous forests may show a delayed response to elevated N deposition, suggestive of a higher
N retention capacity than coniferous forests. However, given greater increases in N inputs, or
chronic input at current levels, deciduous forests will eventually show symptoms of N saturation,
similar to coniferous stands (Adams et al. 1993; Aber et al. 1995; Aber et al. 1998; Fenn et al.
1998).
Nitrogen saturation is characterized by a suite of plant and soil-level changes that result
in the gradual relief of biotic N limitation and reduction of soil N retention (Aber et al. 1998;
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Fenn et al. 1998). Many studies of deciduous hardwood forests have examined the effects of N
saturation by experimentally manipulating N inputs (Adams et al. 1993; Aber et al. 1995;
Peterjohn et al. 1996). These studies have shown that initially, N fertilization stimulates N
mineralization, foliar N concentrations, photosynthetic rates, and productivity. However, as N
additions continue and N limitation of biotic processes is relieved, soil acidity, cation leaching,
and foliar nutrient imbalances increase. Deciduous hardwood trees may experience reduced N
use efficiency, reduced photosynthesis, and decreased growth (Pardo and Driscoll 1996). For
such symptoms of N saturation to occur, plant N demand must be satisfied. Therefore, it has
been suggested that the key indicators of N status and the degree of N saturation in these systems
may be those processes interfacing soil and plants (Aber et al. 1998).
Many interactions within forest ecosystems are strongly linked to foliar N concentration.
Foliar N concentrations determine net photosynthesis, which regulates ecosystem carbon balance
(Field & Mooney 1986). As net photosynthetic rates increase, more carbon is allocated toward
biomass production and mycorrhizal nitrogen assimilation, which could result in nitrogen
immobilization (Stark and Hart 1996). In this way, photosynthesis also drives soil N cycling and
it has been suggested that foliar N may be the best indicator of N saturation in a forest ecosystem
(Aber et al. 1998).
Foliar N concentration in also a strong determinant of foliar quality to insect herbivores
(Lance et al. 1986; Joseph & Kelsey 1994). Like trees in these systems, insect herbivores have
large requirements for N, as it is integral to their structure and metabolism (Mattson 1980).
Many studies have shown that insect growth, development rates, and survival are greater with
increases in foliar N concentration (Bryant et al. 1987; Kainulainen et al. 1996; Murakami and
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Wada 1997). Consequently, foliar N concentration may also be a strong indicator of forest tree
susceptibility to insect herbivores (van Rensburg et al. 1997).
Multiple environmental factors (e.g., water, nutrient, and light availability) interactively
affect soil N mobility, N uptake, net photosynthesis, and carbon allocation (Dudt and Shure
1994; Ibrahim et al. 1997; van Rensburg et al. 1997). North American forests receiving elevated
nitrogen inputs are also predicted to experience increases in the occurrence and severity of
drought (Wetherald and Manabe 1999). The effects of nitrogen and water availability on the
differential allocation of plant carbon and nitrogen compounds to primary or secondary
metabolism has been described by the carbon-nutrient balance (CNB) hypothesis (Bryant et al.
1983; Hoft et al. 1996; Gebauer et al. 1998). Some predictions of this hypothesis are that when
N is not limiting to plant growth, allocation is directed toward primary metabolism (growth
processes), rather than C-based secondary metabolism (non-growth processes). Conversely,
when N limits growth more than photosynthesis, the synthesis of C-based secondary compounds
is stimulated and primary metabolism is compromised. Soil water availability is tightly coupled
with plant nitrogen availability and this affects plant C and N balance (Fig. 1.1). If water
availability is abundant in a high N environment, plant growth and photosynthesis are stimulated
and leaf N concentrations are high relative to C-based secondary compounds. This results in
high foliar quality for insect herbivores, as indicated by higher growth rates, development rates,
and survival. Furthermore, insects require less high quality foliage to satisfy their nutritional
needs, so consumption rates are typically lower when larvae feed on high quality foliage
(Slansky 1993). In the alternate situation (Fig. 1.1), when water availability is limited in a high
N environment, plant N availability is also limited. As a result, plant growth and photosynthesis
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Fig. 1.1 Interactive effects of elevated N deposition and high or low water availability on
plant growth, physiology, foliar chemistry, and generalist insect herbivore performance. (+)
indicates change in a positive direction, while (-) indicates change in a negative direction.
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Fig. 1.1
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are reduced and stored carbon is allocated toward the increased production of C-based secondary
compounds. In this low water scenario, leaf quality to insect herbivores is lower (higher leaf
C/N ratios) and measures of insect performance, such as growth rates, development rates, and
survival decrease. Larvae require more leaf tissue to satisfy their high N requirement and, as a
result, consumption rates could increase (Slansky and Wheeler 1992). This is one of the
mechanisms that could increase the defoliation and susceptibility of water-limited plants to insect
herbivory. Another mechanism for the increased susceptibility of water-limited plants is
proposed by the plant-stress hypothesis (White 1984). This hypothesis states that water stress
promotes the increased concentration of soluble leaf N. Severely water-stressed plants may also
lack the resources to produce metabolically-expensive C-based secondary compounds. In this
case, leaf C/N ratios decrease and consumption rates are lower, but insects will perform better on
water-stressed plants, producing larger populations with greater numbers of offspring, effectively
making them more susceptible to herbivory.
The objectives of the following experiment was to determine the effects of elevated N
and variations in water availability on plant growth, photosynthetic response, and foliar quality
to a generalist insect herbivore, gypsy moth (Lymantria dispar L.). This study tested the
hypothesis that deciduous tree seedlings grown under elevated N deposition are more susceptible
to drought and insect herbivory. These effects were examined for tree species that differ in their
requirements for resources and their suitability as hosts for the generalist insect herbivore, gypsy
moth. I grew gray birch (Betula populifolia , Marsh.), yellow birch (B. alleghaniensis, Britton),
and red oak (Quercus rubra, L.) seedlings for two years in a field study under three N and three
water availabilities. During the second year, I measured photosynthetic rates, growth rates and
patterns of biomass allocation, and assayed foliage for numerous N and C-containing
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compounds. I also conducted feeding trials with gypsy moth larvae using foliage from fieldgrown trees and determined insect growth rates, consumption rates, and nutritional indices. I
expected that seedlings grown under elevated N would be more adversely affected by reductions
in water supply than seedlings grown under no N addition, due to greater leaf production, lower
root production, and greater transpirational water loss. I also hypothesized that N fertilization
and reduced water availability would alter foliar quality for gypsy moth larvae in ways that
would increase seedling susceptibility to herbivory, either through increased larval consumption
of lower quality foliage, or improved larval performance on higher quality foliage. The ultimate
goal of this research was to explore the potential for drought-induced responses under elevated N
conditions, as well as to explain factors that affect defoliation by generalist insect folivores
within northeastern deciduous forests. The impetus for this study is the evidence that accelerated
N deposition and rainfall patterns affect foliar N, a unifying determinant of ecosystem N status
and foliar quality to generalist insect herbivores (Larsson et al. 1986; Bryant et al. 1987; Aber et
al. 1998).
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Chapter 2
Effects of N and water availability on growth and biomass allocation of
three deciduous species in a field study

12

ABSTRACT

Species with different life history traits vary in the way they grow and allocate biomass under
high N inputs. Furthermore, there is increasing evidence that, trees exposed to elevated
atmospheric N deposition respond in ways that increase their susceptibility to drought. I
examined growth rates and biomass partitioning of gray birch (Betula populifolia), yellow birch
(B. alleghaniensis), and red oak seedlings (Quercus rubra) grown in a field study for two years
under varying levels of N and water availability. N addition enhanced total biomass, relative
growth rates, leaf area production, and net assimilation rates of both birch species, and these
responses were more pronounced for yellow birch seedlings. The proportion of root weight to
total biomass and root:shoot ratios of red oak seedlings were reduced with N addition, but this
did not affect total biomass production or seedling growth rates. Although I observed no
significant effects of water availability on seedling growth and biomass allocation, I suggest that
the N-induced increase in leaf area exhibited by birch seedlings and decrease in root production
by red oak seedlings could increase their potential for transpirational water loss and reduced
water uptake. I found a trend that indicated that the effects of N availability depended on water
availability, such that reduced water availability diminished the N-induced enhancement of
relative growth rates. I attribute differences in seedling growth rates among species to
differences in biomass partioning and these data indicate that, under elevated atmospheric N
deposition, these changes may differentially enhance seedling water stress during drought
periods.
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INTRODUCTION

Forest ecosystems of the northeastern United States receive high amounts of atmospheric N
deposition (Fenn et al. 1998). Tree species may respond to elevated N deposition in ways that
can greatly increase their susceptibility to drought (Rosengren-Brinck and Nihlgard 1995;
Wendler and Millard 1996). For example, N addition could stimulate aboveground biomass to a
greater extent than belowground biomass production and, thus, raise transpirational water loss
(Lippert et al. 1996). Excessive atmospheric N deposition can also lead to soil acidification and
reduced nutrient uptake by plants (Aber et al. 1989; Huttl 1990). In this case, trees may
experience reductions in root biomass and, consequently, reduced water uptake (Emmett et al.
1995; DeVisser et al. 1996).
Elevated N inputs have been shown to differentially affect growth, mortality, and
seedling regeneration of coniferous and deciduous tree species (Aber et al. 1995; Hallett and
Hornbeck 1997; Aber et al. 1998). In northeastern forests of North America, there is evidence
that this differential response could lead to the replacement of slower-growing, coniferous stands
by faster-growing deciduous forests (McNulty et al. 1996; Fenn et al. 1998). If deciduous
seedling growth occurs differentially across species in response to elevated N and variations in
water supply, competitive interactions could ultimately lead to shifts in species composition.
The outcome of these competitive interactions could further influence the susceptibility of these
forests to the process of N saturation (Waring 1987; Fenn et al. 1998; Peterjohn et al. 1999).
Studies of the effects of water availability on growth of trees exposed to excessive N
deposition have focused on coniferous species (Raison et al. 1990; DeVisser 1995; RosengrenBrinck and Nihlgard 1995; DeVisser et al. 1996; Lippert et al. 1996). In this study, I examined
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how seedling growth of three deciduous tree species was altered by varying elevated N and water
availability in a field setting. Gray birch (Betula populifolia Marsh), yellow birch (B.
alleghaniensis Britton), and red oak (Quercus rubra L.) differ in their life history traits, have
overlapping geographic ranges throughout northern Appalachian forests, and can co-occur
during transitional stages of succession (Liptzin and Ashton 1999). Gray birch is a pioneer
species that tolerates lower soil fertility and is faster growing than yellow birch and red oak.
Furthermore, red oak and gray birch are more drought tolerant than yellow birch. I hypothesized
that gray birch would be more responsive to N fertilization due to its faster growth rates and, as a
result, be more susceptible to drought injury than later successional yellow birch and red oak.
The objectives of this study were to compare seedling growth and biomass allocation of three,
co-occurring deciduous tree species under varying N and water availability and to identify
seedling traits that account for differences in RGR.
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METHODS

Site Description and Tree Seedling Growth
Tree seedlings were grown for two years under N and water treatments at the WVU Agronomy
Farm in Morgantown, West Virginia (39°40′ N, 79°54′ W; Fig. 2.1). This site has a relatively
long history of being used for pasture and crop cultivation. Soils at this site are classified as
moderately well-drained Dormont and Guernsey silt loams with 8 to 15 percent slopes and are
described as highly suitable for tree growth (Wright et al. 1982).
Seeds of gray birch, yellow birch, and red oak were collected from Pennsylvania sources
(F.W. Schumacher Co., Inc., Sandwich, MA). Seeds were stratified for three months at 4°C and
germinated in May 1997 under greenhouse conditions (29°C day, 18°C night) in 5L tree pots
using potting soil low in nutrients (Jungle-Gro brand). Seedlings were watered as needed to
maintain moist soil and were provided with a dilute, 1/4 strength Miracle-Gro solution
(15:30:15) biweekly.
In early October 1997, five seedlings per species were transplanted into nine blocks of
three, 3 x 2 m subplots (three-way split-plot design; Fig. 2.2). Also transplanted into each
subplot were five black locust seedlings (Robinia pseudoacacia L.), for a total of 20 seedlings in
each subplot. Black locust was excluded from growth and biomass analyses because of the time
investment required to harvest this species and the damage caused by herbivory on this species
during several insect outbreaks at the field site. Nitrogen treatments included ambient (no N
addition) and two levels of N fertilization. Fertilized blocks received a single application of dry
NH4NO3 at levels of 100 kg/ha/yr (n=3) and 200 kg/yr/ha (n=3) at the beginning of March 1998
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Fig. 2.1 Tree seedlings growing in year two at the experimental site under N and water
treatments.

17

Fig. 2.1
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Fig. 2.2. Experimental layout of the three-way split plot design used to manipulate nitrogen and
water availability to deciduous tree seedlings in the field. Key features depicted are orientation
of 3 x 2 m subplots relative to the sloping hillside, position of tree seedlings relative to drainage
pipe, and trenches dug to eliminate surface and subsurface nutrient and water flow to 3 m
between nitrogen treatments and around the perimeter of the experimental area. Nitrogen and
water treatments are labeled within each subplot.
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and March 1999. NH4NO3 was broadcast over the soil around the base of the seedlings (radius
=0.5m). N levels for supplemented plots approximate a high level of N deposition into some
fertilized Appalachian forests (35 kg N/ha; Gilliam et al. 1996) and a doubled level (70 kg N/ha),
given the future of increased N inputs to these systems (Galloway 1995). Three control blocks
received no fertilizer addition.
Water availability to seedlings relied on natural rainfall events and was either reduced,
ambient, or augmented. Water availability was reduced in nine, upslope subplots by capturing
rainwater in open drainage pipes that covered approximately 25% of the subplot area. This water
was diverted to nine, downslope, augmented subplots. A third set of nine supblots, flanked by
the low and high-water subplots, served as an ambient condition. The ambient subplots had
closed drainage pipes running through them, which did not alter the input of water from rainfall.
Surface and subsurface water and nutrient flow was eliminated down to 3 m by plastic-lined
trenches that separated the nine N treatment blocks from one another and the surrounding area.
Soil water content was measured approximately weekly and precipitation and temperature were
recorded daily throughout the growing seasons in 1998 and 1999 (Fig. 2.3). Differences among
water treatments were maintained during the growing seasons by either the drainage pipe
installation, the slightly-graded slope that the seedlings were planted on, or a combination of the
two. Soil water content in reduced plots was lower than soil water content in augmented plots at
every measurement date. The differences in soil water content between these water treatments
ranged from below 5% to about 10%. Furthermore, during the 1999 growing season a drought
occurred, as indicated by the overall lower precipitation and soil moisture values for that year.
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Fig. 2.3. Percent soil moisture and weekly precipitation for 1998 and 1999 growing seasons.
Soil moisture was measured with TDR at a constant depth of 15 cm probes. Rainfall was
measured using a rain gauge at the WVU Agronomy Farm. The x-axis is labeled by month, from
June through October.
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Measurements
Seedling height and stem diameter were measured monthly to non-destructively determine
growth rate during the two-year experiment. To calculate seedling relative growth rate (RGR)
and net assimilation rate (NAR), a subsample of seedlings from each species (n=20) was
harvested prior to nitrogen and water treatment and initial seedling biomass was calculated using
the allometric relationship between seedling height and whole plant biomass determined by
regression with harvested seedlings.
In September 1999, seedlings were harvested from a randomly-chosen sample of
seedlings within each N x Water x Species treatment group (n=3-5). Seedlings were separated
into leaves and stems and dried at 65°C to a constant weight to determine aboveground biomass.
Leaf mass per unit area (LMA) was determined for leaf samples taken from each seedling and,
with total seedling leaf mass, was used to calculate total seedling leaf area. To determine total
seedling biomass, roots of these seedlings were harvested by hand (including fine roots), washed
using a 3mm sieve, and dried at 65°C to a constant weight. The following formulae were used to
calculate RGR and NAR
RGR = (lnW2 - ln W1) / (t2 - t1)
NAR = [(W2 - W1) / (A2 - A1)] [(lnA2 - lnA1) / (t2 - t1)]
W2 and W1 represent total seedling biomass and A2 and A1 represent total seedling leaf area at day
720 (t2) and day 1 (t1). LAR was calculated as the ratio of total seedling leaf area to total
seedling biomass. Root to shoot ratio (R:S), leaf weight ratio (LWR), stem weight ratio (SWR),
and root weight ratio (RWR) were also determined. LWR, SWR, and RWR were calculated as
the proportional weight of the given organ per total seedling biomass.

24

Statistical Analysis
All measurements of growth were analyzed using three-way ANOVAs to test for the effects of
N, water, species, and their interactions (JMP, SAS Institute, Inc., Cary, NC). R:S ratios were ln
transformed to normally distribute data. This field experiment was planted as a three-way split
plot design, with nitrogen treatments nested within blocks (Fig. 2.2). However, during final
harvest some seedlings were excluded from the sample pool because they were used for feeding
trials in a separate herbivory study. Lack of replication at the Block x N x Water x Species level
resulted in the elimination of block effects from the statistical model. Sample size was unequal
across treatment combinations and ranged from three to five seedlings. Nitrogen, water, species,
and their interactions were all fixed effects within the model. Effects were considered
statistically significant if p < 0.05.
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RESULTS

Biomass production and allocation significantly differed across the three species (Table 2.1).
When averaged across nitrogen and water treatments, gray birch seedlings produced more
biomass than yellow birch and red oak seedlings (Fig. 2.4). R:S ratios of red oak seedlings were
approximately three times greater than R:S ratios of gray and yellow birch seedlings (Fig. 2.5).
RWR of red oak seedlings exceeded those of gray and yellow birch seedlings, while yellow birch
seedlings allocated more biomass to stems and leaves than gray birch and red oak (Fig. 2.5).
Gray birch seedlings exhibited greater leaf area production and produced thicker leaves (higher
LMA) than yellow birch and red oak seedlings (Table 2.2). Yellow birch had greater LAR than
gray birch, which was greater than red oak, while NAR of gray birch was greater than red oak,
which was greater than yellow birch. LAR and NAR collectively determine RGR which was
greatest for gray birch, followed in decreasing order by yellow birch and red oak (Table 2.2).
Averaged across all species, N availability significantly affected total biomass
production, R:S ratios, RWR, LA production, NAR, and RGR (Table 2.1). Furthermore, the
response of these parameters to N availability was species dependent (Table 2.1). N addition
stimulated total biomass production in gray and yellow birch, but not in red oak (Fig. 2.4).
Biomass production of gray birch seedlings averaged 133% greater when grown under N
fertilized treatments, compared to treatments where no N was added. For yellow birch seedlings,
average biomass stimulation of fertilized seedlings was 267% greater than unfertilized
treatments.
While N availability did not significantly affect R:S ratios of the two birch species, R:S
ratios of red oak seedlings grown under the highest N level were 31% lower than those grown
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Table 2.1. Summary of three-way ANOVAs showing p values for the effects of species, nitrogen (N),
water availability, and their interactive effects on total biomass (TB), root to shoot ratio (R/S), root
weight ratio (RWR), stem weight ratio (SWR), leaf weight ratio (LWR), leaf area (LA), leaf mass per
unit area (LMA), leaf area ratio (LAR), net assimilation rate (NAR), and relative growth rate (RGR).
Statistically significant values (p < 0.05) are in bold, while trends (0.05 < p < 0.10) are denoted by *.
Source
Species
N
Water
Species x N
Species x Water
N x Water
Species x N x Water

TB

R/S

RWR

SWR

LWR

LA

LMA

LAR

NAR

RGR

<0.01
<0.01
0.58
<0.01
0.73
0.22
0.91

<0.01
0.03
0.23
<0.01
0.13
0.14
0.35

<0.01
0.05
0.15
<0.01
0.11
0.19
0.49

<0.01
0.10
0.84
0.16
0.58
0.76
0.58

<0.01
0.76
0.39
0.32
0.32
0.70
0.88

<0.01
<0.01
0.59
0.02
0.68
0.10
0.91

<0.01
0.70
0.32
0.16
0.44
*0.07
0.39

<0.01
0.84
0.64
0.27
0.67
0.17
0.53

<0.01
<0.01
0.42
0.01
0.93
0.11
0.46

<0.01
<0.01
0.74
0.01
0.97
*0.07
0.86
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Fig. 2.4. Total biomass production of gray birch, yellow birch, and red oak seedlings grown with
varying N and water availability. Standard error bars show 1 SE +/- treatment means. Open bars
are reduced water availability, hatched bars are ambient water availability, and closed bars are
augmented water availability.
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No Addition 100 kg/ha/yr 200 kg/ha/yr

Fig. 2.5. Biomass partitioning of gray birch, yellow birch, and red oak seedlings grown with
varying N and reduced (RED), ambient (AMB), or augmented (AUG) water treatments. Leaf
weight ratios (LWR) are light gray, stem weight ratios (SWR) are medium gray, and root weight
ratios (RWR) are dark gray.
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Table 2.2. Leaf and growth characters of gray birch, yellow birch, and red oak seedlings grown under varying levels of N and water
availability. Values are means (+ SE), n = 3 - 5. Leaf and growth characters are leaf area (LA), leaf mass per unit leaf area (LMA), leaf
area ratio (LAR), and net assimilation rate (NAR). N treatments are no N addition (No), 100 kg/ha/yr NH4NO3 (100), and 200 kg/ha/yr
NH4NO3 (200). Water treatments are reduced (Red), ambient (Amb), and augmented (Aug).
Character

Species

No/Red

No/Amb

No/Aug

100/Red

100/Amb

100/Aug

200/Red

200/Amb

200/Aug

LA
(m2)

gray birch 0.19 + 0.01 0.24 + 0.07 0.36 + 0.07 0.50 + 0.09 0.53 + 0.14 0.53 + 0.18 0.51 + 0.06 0.61 + 0.08 0.36 + 0.10
yellow birch 0.09 + 0.05 0.07 + 0.06 0.11 + 0.03 0.17 + 0.02 0.26 + 0.07 0.18 + 0.06 0.31 + 0.07 0.43 + 0.17 0.21 + 0.06
red oak 0.04 + 0.02 0.04 + 0.02 0.13 + 0.04 0.10 + 0.03 0.07 + 0.01 0.08 + 0.03 0.11 + 0.03 0.08 + 0.01 0.10 + 0.03

LMA
(g m-2)

gray birch
yellow birch
red oak

79.9 + 2.0 73.5 + 0.6
73.0 + 2.7 78.5 + 11.5
84.5 + 4.8 81.4 + 8.1

68.8 + 1.5
57.2 + 2.7
82.7 + 4.2

73.0 + 4.4
65.3 + 5.1
80.6 + 5.2

80.7 + 1.3
63.4 + 6.4
84.0 + 3.3

78.6 + 4.8
63.7 + 4.7
76.9 + 2.5

81.6 + 2.7
65.5 + 2.6
75.7 + 3.1

75.1 + 2.6
58.3 + 5.7
80.0 + 6.2

83.6 + 3.8
62.0 + 5.1
82.1 + 4.0

LAR
(cm2 g-1)

gray birch
yellow birch
red oak

28.3 + 1.3
35.2 + 5.3
15.2 + 3.7

31.8 + 1.3
42.6 + 4.7
20.2 + 0.6

27.5 + 0.9
42.2 + 4.5
20.3 + 5.4

26.0 + 1.9
38.3 + 2.8
17.7 + 2.6

29.2 + 4.7
31.6 + 8.3
19.1 + 2.0

29.2 + 1.7
40.1 + 4.5
25.8 + 4.0

27.2 + 1.1
35.1 + 9.2
24.0 + 3.1

25.7 + 1.6
31.8 + 2.6
22.0 + 0.7

32.5 + 2.3
27.5 + 5.9
20.1 + 3.5

NAR
gray birch 0.67 + 0.06 0.63 + 0.09 0.76 + 0.06 1.00 + 0.08 1.18 + 0.17 1.11 + 0.25 1.06 + 0.09 1.15 + 0.08 1.04 + 0.23
(g m-2 d-1) yellow birch 0.41 + 0.09 0.33 + 0.23 0.38 + 0.07 0.61 + 0.09 0.73 + 0.06 0.90 + 0.21 0.72 + 0.06 1.11 + 0.13 0.84 + 0.10
red oak 0.76 + 0.18 0.55 + 0.25 0.94 + 0.10 0.85 + 0.04 1.19 + 0.20 0.84 + 0.14 0.79 + 0.21 0.72 + 0.08 0.61 + 0.07
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under the no N addition treatment (Fig. 2.5). RWR of red oak seedlings were slightly sensitive
to N addition, while RWR of the two birch species were not significantly affected by N
availability (Fig. 2.5). Under the highest N level, RWR of red oak seedlings were reduced by
10%, compared to unfertilized seedlings.
Leaf area increased 103% and 240% in the highest N level compared to the no N addition
level for gray and yellow birch, respectively. On the other hand, there was no effect of N
addition on leaf area of red oak seedlings (Table 2.2). NAR increased with addition of 100
kg/ha/yr NH4NO3 in gray and yellow birch seedlings but there was no additional stimulation
with addition of 200 kg/ha/yr NH4NO3 (Table 2.2). Furthermore, NAR of yellow birch was
more responsive to increasing N availability than gray birch. NAR of yellow birch seedlings was
99% greater in the 100 kg/ha/yr treatment and 138% greater in the 200 kg/ha/yr treatment,
compared to no N addition. NAR of gray birch seedlings was only 59% and 57% greater in the
100 kg/ha/yr and 200 kg/ha/yr treatments, respectively, compared to no N addition (Table 2.2).
NAR of red oak seedlings was not responsive to N addition.
Relative growth rate of gray and yellow birch seedlings was stimulated by N addition, but
RGR of red oak seedlings was not (Table 2.2). Relative growth rates of gray and yellow birch
grown under 100 kg/ha/yr NH4NO3 increased 38% and 80%, respectively, compared to seedlings
grown under no N addition, but neither was stimulated further with addition of 200 kg/ha/yr
NH4NO3. The species-dependent response of RGR to N availability was due to changes in
NAR, rather than LAR which was unaffected by N availability (Table 2.1).
The effects of N addition on growth and biomass allocation were stronger than water
availability, which did not significantly affect any parameter. I found no evidence for a main
effect of water availability, Water x Species interaction, or N x Water x Species interaction on
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any parameter measured. However, a trend indicated that the effects of N on LMA depended on
water availability (p = 0.07; Table 2.1). This was due to the response of LMA in the no N
addition treatments, where LMA of seedlings under augmented water availability was 12% and
14% lower than LMA of seedlings under ambient and reduced water conditions, respectively
(Table 2.2).
There was also a trend to indicate that the effects of N on RGR depended on water
availability (p = 0.07; Fig. 2.6), such that stimulation of RGR by N addition was diminished
under both reduced and augmented water conditions. Under ambient water conditions, RGR was
stimulated by 81% and 88% with addition of 100 kg/ha/yr and 200 kg/ha/yr NH4NO3,
respectively, compared to the no N addition treatment. When water availability was reduced,
however, RGR of seedlings exposed to 100 kg/ha/yr and 200 kg/ha/yr NH4NO3 was only 38%
and 50% greater, respectively, compared to the no N addition treatment. Under augmented water
conditions, on the other hand, N addition had little effect on RGR (Fig. 2.6).
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Fig. 2.6. Relative growth rate of gray birch, yellow birch, and red oak seedlings grown with
varying N and water availability. Standard error bars show 1 SE +/- treatment means. Open bars
are reduced water availability, hatched bars are ambient water availability, and closed bars are
augmented water availability.
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DISCUSSION

Plant growth and allocation are strongly affected by the availability of multiple resources (Bloom
et al. 1985; Chapin et al. 1987). An example of this is the integrated response of tree seedlings to
elevated atmopsheric N deposition and variations in water availability, particularly drought
(Raison et al. 1990; Rosengren-Brinck and Nihlgard 1995; DeVisser 1996). I hypothesized that
N addition would stimulate foliar area and aboveground biomass production, at the expense of
root production, and that this would adversely affect plant growth under reduced water
conditions. Furthermore, forest tree response to elevated atmospheric N deposition has been
shown to be species dependent (Berntson et al. 1995; Kinney and Lindroth 1997). Thus, I
hypothesized that a faster growing, earlier successional species would be more responsive to N
addition and more susceptible to water stress than slower growing, later successional species.
I found that N addition had strong effects on seedling biomass production. N addition
stimulated total biomass production and RGR in seedlings of both birch species, but had no
effect on growth of oak seedlings. Many studies have shown increased seedling growth with
elevated N fertilization (Tschaplinski et al. 1991; Berntson et al. 1995; McConnaughay et al.
1996; Wendler and Millard 1996). Several other studies have shown reduced growth and
regeneration of oak seedlings under high nitrogen and water supply, relative to faster growing,
earlier successional species (Newton and Pigott 1991;Kinney and Lindroth 1997; Kruger and
Reich 1997).
Contrary to my expectations, water availability had a very weak effect on seedling
growth, despite evidence that water availability was successfully manipulated among treatments
in the field (Fig. 2). However, I did find evidence of a trend that indicated, across all species, the
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N-induced enhancement of RGR was diminished by approximately 40% under reduced water
availability, compared to ambient water treatments. Furthermore, the N-induced stimulation of
RGR was completely eliminated under augmented water availability, relative to the ambient
water conditions. These results are consistent with other fertilization studies that have shown
slower growth rates under reduced water conditions and attributed this response to the
concomitant stimulation of transpirational area and reduction of root growth (DeVisser et al.
1996; Wendler and Millard 1996; Ibrahim et al. 1998). Walters and Reich (1996) showed that
growth of deciduous seedlings failed to respond to N fertilization under well-watered conditions
and attributed this lack of response to low light availability.
In the present study, N addition stimulated leaf area and NAR of birch seedlings, but had
no effect on other measures of aboveground or belowground growth. Wendler and Millard
(1996) showed that, although birch seedlings grew faster under high N, stimulation of leaf area
and NAR increased the potential for water loss in these seedlings.
This study supports my hypothesis that seedling response to N addition is species
dependent, but the patterns we observed among species differing in life history traits do not
follow my expectations. Although the slowest growing, stress-tolerant species (red oak) was the
least responsive to N addition, I found that biomass production of the slower-growing birch
species (yellow birch) was more than two-fold greater than the fast-growing, pioneer species
(gray birch) under the highest N level. Berntson et al. (1995) also found that yellow birch
seedlings were more responsive to elevated N than gray birch seedlings and showed that these
two birch species exhibit different allocational strategies. Total biomass and leaf production,
specific leaf area, and specific root length (within-organ parameters) were more sensitive to N
fertilization in yellow birch than in gray birch. In gray birch, the magnitude of response to N
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addition was greater for between-organ parameters, such as the proportion of fine root mass to
leaf mass and root length to leaf area. In my study, I found that stimulation of leaf area
production and NAR by the highest level of N addition was approximately two times greater in
yellow birch than in gray birch seedlings. However, I found no other evidence to indicate that
patterns of biomass partitioning differ between these species as a function of elevated N or water
availability. It may be that differential responses to elevated N between these two birch species
are related to differences in biomass partitioning and to differences in photosynthetic response,
which were not measured in this study.
Although I found no effect of N addition on root growth or R:S ratios in either birch
species, these parameters were sensitive to N supply for red oak seedlings. In support of my
hypothesis, that high N would reduce root growth, the highest N condition reduced RWR of red
oak seedlings by 10% and reduced R:S ratios by 31%, compared to conditions where no N was
added. However, these differences were not sufficient to affect the overall growth of red oak
seedlings. Red oak seedlings typically exhibit distinct periods of root and shoot growth (Reich et
al. 1980), a character that could have contributed to the slower growth rates of this species in my
field experiment. Emmett et al. (1995) showed that elevated sodium nitrate did not impact
overall growth of Sitka spruce trees, but it reduced root biomass and, thereby, increased their
susceptibility to drought.
Very few studies have examined the effects of elevated N and water availability on
seedling growth in the field, and those that have focused primarily on the responses of coniferous
species (Raison et al. 1990; DeVisser 1995; Rosengren-Brinck and Nihlgard 1995). An ongoing
"Throughfall Displacement Experiment" (TDE) at the Walker Branch Watershed (Oak Ridge,
TN) has been manipulating hydrologic inputs to a deciduous hardwood forest since 1993.
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Recent TDE reports have indicated that net root production in dry plots was several-fold higher
than wet and ambient plots (Joslin and Wolfe 1998). However, they also found that these
differences were not maintained below 30 cm in soils. Furthermore, they noted that it is unclear
whether these differences were caused by a proliferation of new root production in response to a
previous drought year, or actual adjustments in R:S ratios as a function of water treatments.
Another TDE study reported that long term simulations with a nutrient cycling model predicted
that reduced water inputs to this forest will not affect tree growth or ecosystem N status (Johnson
et al. 1998). Like these TDE results, I found little evidence that our manipulations of water
availability affected tree growth. When I harvested roots of seedlings in the present study, I
found that root systems of all seedlings occupied soil depths well below 30 cm (T. S. Myers,
personal observation). I conclude that, even though I consistently detected differences in soil
water content among water availability treatments down to 15 cm (Fig. 2), water availability
below this point may have been similar among treatments to influence seedling growth and
biomass allocation. I did, however, observe increased leaf area production in birch seedlings and
decreased RWR and R:S ratios in red oak seedlings under higher N levels. Given this, it is
possible that if these seedlings were to experience a more severe drought period than the one that
occurred in 1999, they may be more susceptible to symptoms of water stress.
In this study, seedlings of three deciduous tree species varied in their response to N
addition. I found that birch species responded primarily through overall changes in growth and
partioning to aboveground structures, whereas red oak seedlings invested more energy into
belowground production, with little impact on overall growth rate. I found that as N addition
increased, differences in seedling RGR between an early successional, faster growing species
(gray birch) and a later successional, slower growing species (yellow birch) were diminished.
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RGR of gray birch seedlings was 64% greater than yellow birch seedlings in the unfertilized
condition, 25% greater in the 100 kg/ha/yr condition, and only 8% greater than yellow birch
under the highest level of N addition (Fig. 2.6). This pattern was due to a more pronounced
increasee in RGR of yellow birch to N addition than gray birch. Furthermore, I found that
differences in RGR between these two species were mostly due to changes in leaf area and NAR.
I suggest that differences in growth between the two birch species may be influenced by
differences in photosynthetic response to N addition. It also may be that other environmental
factors, such as light availability, impact the effects of elevated N deposition on tree seedling
growth, if not more so than water availability.
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Chapter 3

The effects of N and water availability on leaf photosynthesis
and photosynthetic resource-use efficiency of two birch species
under field conditions
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ABSTRACT

I tested the hypothesis that deciduous tree seedlings grown under elevated N availability would
exhibit physiological symptoms of drought on leaf processes to a greater extent than seedlings
grown under no N addition. I grew gray (Betula populifolia) and yellow birch (B.
alleghaniensis) seedlings in a field study for two years under varying levels of N and water
availability and measured photosynthesis, as well as leaf properties. Contrary to my
expectations, resource supply had a minimal effect on most leaf physiological measurements, but
I did observe strong species differences. Gray birch seedlings had higher photosynthetic rates,
water use efficiency (PWUE), photosynthetic nitrogen use efficiency (PNUE), photosynthetic
capacity, LMA, leaf N and chlorophyll concentrations than yellow birch seedlings. Across both
species, the maximum rate of electron transport (Jmax) was stimulated with N supply and only at
the lowest level of N supplementation (100 kg/ha/yr NH4NO3), implying a limit to the N-induced
stimulation of this parameter. Leaf water content (LWC) was the only leaf character sensitive to
the interactive effects of N and water availability. Reductions in this parameter with decreasing
water supply appeared to be moderated by N addition. I concluded that differences in species
response, particularly in resource use efficiency, could impact seedling growth and, perhaps,
competitive interactions in forests receiving elevated N deposition and variations in rainfall
events.
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INTRODUCTION

Nitrogenous fertilizer use, fossil fuel burning, and the planting of leguminous species have
doubled annual N deposition into terrestrial ecosystems (Vitousek 1997). Trees exposed to
elevated N inputs experience increased shoot production and at times, reduced root production
(Emmett et al. 1995; Lippert et al. 1996). When water is limiting concurrently with high N
deposition, plants have a reduced ability to acquire water from the soil and, as a result, are more
susceptible to drought injury (Osonubi and Davies 1981; Van der Eerden and Perez-Soba 1992;
Ibrahim et al. 1998).
N fertilization stimulates leaf N concentration, which increases the production of
enzymatic compounds used in photosynthesis. In this way, high N can increase photosynthetic
water use efficiency (PWUE), the ratio of net photosynthetic rate to transpiration rate (Reich et al.
1989). PWUE can be temporarily improved during early stages of water stress when reductions in
stomatal conductance reduce transpirational water loss and increase the CO2 concentration
gradient across stomata, increasing photosynthetic rate (Lambers et al. 1998). However, if
reductions in water supply become more severe, or if elevated N leads to soil acidification and
reduced nutrient availability, stomatal closure, decreased nutrient and water uptake, and lower
photosynthetic rates could decrease PWUE.
Nitrogen availability can affect photosynthetic nitrogen use efficiency (PNUE), the ratio of
net photosynthesis to leaf nitrogen content. Typically, N fertilized plants have higher foliar N
concentration and, thus lower PNUE (Lajtha and Whitford 1989; Reich et al. 1989; Wang et al.
1998). It is also well documented that plants experience tradeoffs between PWUE and PNUE,
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whereby, under low water conditions, PWUE is maximized at the expense of PNUE (Field et al.
1983).
In this study, I determined how reductions in water availability affected carbon
assimilation and resource use efficiency of two sympatric birch species grown under elevated N
conditions. I examined instantaneous photosynthetic response (Anet, gs, PWUE, and PNUE),
photosynthetic capacity, and foliar chemistry of gray (Betula populifolia Marsh) and yellow
birch (B. alleghaniensis Britton) seedlings that differ in their life history traits (Burns and
Honkala 1990). Gray birch is a fast growing, pioneer species that grows well on nutrient poor
soils. Yellow birch is a slower growing, mid-successional species that requires higher soil
fertility than gray birch. In a previous study, I showed that elevated N altered biomass
production and allocation of gray and yellow birch seedlings in ways that potentially increased
their susceptibility to drought injury, and these effects were more pronounced for yellow birch
seedlings (Myers and Thomas, in preparation). However, I saw no effects of water availability
on seedling growth, except for a slight reduction of the N-induced enhancement of relative
growth rates under low water conditions. In light of these results, I hypothesized that high N
availability stimulates net photosynthetic rate. In addition, seedlings respond to reductions in
water availability through stomatal adjustment, which impacts photosynthetic capacity, PWUE and
PNUE.
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METHODS

Plant growth conditions
Gray and yellow birch seedlings were grown for two years under N and water treatments at the
WVU Agronomy Farm in Morgantown, West Virginia (39°40′ N, 79°54′ W). Soils at this site
are classified as moderately well-drained Dormont and Guernsey silt loams with 8 to 15 percent
slopes and are described as highly suitable for tree growth (Wright et al. 1982).
Seeds of gray and yellow birch, collected from Pennsylvania sources (F.W. Schumacher
Co., Inc., Sandwich, MA), were stratified for three months at 4°C, germinated in May 1997, and
grown for four months under greenhouse conditions (29°C day, 18°C night).
In early October 1997, gray and yellow birch seedlings were transplanted at the WVU
Agronomy Farm into nine blocks of three, 3 x 2 m subplots, each containing five trees per
species (Fig. 2.2). Within each subplot gray and yellow birch seedlings were planted together
with red oak (Quercus rubra L.) and black locust seedlings (Robinia pseudoacacia L.), for a total
of 20 seedlings planted in each subplot. Position of species within a subplot was randomly
chosen and seedlings were planted 0.5m apart. Time constraints and the interest in intrageneric
differences limited the use to only gray and yellow birch species in this study. Nitrogen
treatments included ambient and two levels of N fertilization. Fertilized blocks received a single
application of dry NH4NO3 at levels of 100 kg/ha/yr (n=3) and 200 kg/yr/ha (n=3) at the
beginning of March 1998 and March 1999. NH4NO3 was broadcast over the soil around the base
of the seedlings (radius = 0.5m). N levels for supplemented plots approximate a high level of N
deposition into some fertilized Appalachian forests (35 kg N/ha; Gilliam et al. 1996) and a
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doubled level (70 kg N/ha), given the future of increased N inputs to these systems (Galloway
1995). Three control blocks received no fertilizer addition.
Water availability to seedlings relied on natural rainfall events and was either reduced,
ambient, or augmented. Water availability was reduced in nine, upslope subplots by capturing
rainwater in open drainage pipes that covered approximately 25% of the subplot area. This water
was diverted to nine, downslope, augmented subplots. A third set of nine supblots, flanked by
the low and high-water subplots, served as an ambient condition. The ambient subplots had
closed drainage pipes running through them, which did not alter the input of water from rainfall.
Surface and subsurface water and nutrient flow was eliminated down to 3 m by plastic-lined
trenches that separated the nine N treatment blocks from one another and the surrounding area.
Soil water content was measured approximately weekly and precipitation and temperature were
recorded daily throughout the growing seasons in 1998 and 1999 (Fig. 3.1). Differences among
water treatments were maintained during the growing seasons by either the drainage pipe
installation, the slightly-graded slope that the seedlings were planted on, or a combination of the
two. Soil water content in reduced plots was lower than soil water content in augmented plots,
throughout the two year period. The differences in soil water content between these water
treatments ranged from below 5% to about 10%. Furthermore, during the 1999 growing season a
drought occurred, as indicated by the overall lower precipitation and soil moisture values for that
year.
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Fig. 3.1. Percent soil moisture and weekly precipitation for 1998 and 1999 growing seasons.
Soil moisture was measured with TDR at a constant depth of 15 cm probes. Rainfall was
measured using a rain gauge at the WVU Agronomy Farm. The x-axis is labeled by month, from
June through October. The arrow marks the starting date when photosynthetic response was
measured.
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Gas exchange measurements
Measurements were made during the second week in September of 1999, to ensure that seedlings
had experienced two full growing seasons under nitrogen and water treatments. Minimum air
temperature during this week ranged from 10 to 19 °C and maximum temperature ranged from
21 to 28 °C. Total rainfall during the week was 4.5 cm and soil moisture content averaged 21%,
23%, and 26% in reduced, ambient, and augmented water conditions, respectively (Fig. 3.1).
The week before measurements were taken, soil moisture was much lower averaging 13%, 14%,
and 16% in reduced, ambient, and augmented treatments.
Three seedlings were randomly selected from a pool of individuals within each Species x
N x Water treatment combination. Blocks within each nitrogen level were not considered during
sampling, due to insufficient replication at this level. Net photosynthesis (Anet) and stomatal
conductance (gs) were examined in situ on one leaf from each seedling within each N x Water x
Species treatment combination. Measured leaves were fully-expanded and located at the distal
end of the third branch from the top of each seedling. Measurements were made using an open
flow infra-red gas analyzer with an attached LED light source (LI6400, Li-Cor, Inc. Lincoln,
NE). Photosynthetic response to calculated intercellular CO2 (Ci) was measured over a range of
8 external CO2 partial pressures (Ca) from approximately 50 to 1700 µl l-1 (Farquhar and Sharkey
1982). Measurements were made with a constant saturating irradiance of 1800 and 1600 µmol
m-2 s-1 photon flux density for gray and yellow birch, respectively. Gas exchange measurements
were made at ambient relative humidity between 1000 and 1500 h on sunny days. Cuvette
temperatures were kept constant during measurements at ambient air temperatures and averaged
31°C + 0.9°C. The A-Ci curves were analyzed using a biochemically-based model (Farquhar et
al. 1980) to determine the saturating rates of carboxylation (Vcmax) and the electron transport-
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mediated rate of RuBP regeneration (Jmax) using the kinetic parameters of Wullshleger (1993).
Net assimilation at growth CO2 (Anet) was obtained from A-Ci curves where Ca equaled 350 µl l-1.
Net assimilation data obtained at a Ci above 250 µl l-1 were fitted to a second degree polynomial
to estimate Amax, net assimilation under saturating light and CO2. PWUE was calculated as the ratio
of Anet to transpiration and PNUE as the ratio of Anet to leaf nitrogen content.

Leaf properties
On the day that seedling gas exchange was measured, pre-dawn leaf water potentials were also
determined with a Scholander-type pressure chamber (PMS Instruments, Corvallis, OR).
Immediately following gas exchange measurements, chlorophyll concentration was determined
using a portable chlorophyll meter (SPAD-502, Minolta, Osaka, Japan) and readings were
converted to chlorophyll concentrations using a standard curve obtained with chlorophyll
extracted from a subset of leaves using N, N-dimethylformamide (Porra et al. 1989). Each leaf
and two, fully expanded proximal leaves were harvested from each seedling and transported to
the lab on ice, where leaf area and fresh weight of each sample were determined. Leaf samples
were dried at 65 °C to a constant mass and leaf mass per unit area (LMA) and leaf water content
(LWC) were determined. LWC was calculated as the proportional difference between fresh and
dry weight of each leaf sample. Leaf samples were ground in a Tecator Cyclotec Sample Mill
(Tecator, Höganäs, Sweden) to assay nitrogen and carbohydrate concentration. Leaf nitrogen
was measured with a Carlo Erba CNS elemental analyzer (Fisons Instr., Milan, Italy). Leaf
starch and soluble sugar concentrations were assayed spectrophotometrically using an acid
hydrolysis method (Tissue and Wright 1995).
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Statistical analysis
Gas exchange measurements and leaf properties were analyzed using three way ANOVAs to test
for the effects of species, nitrogen availability, water supply, and their interactions. Post-hoc
comparisons of treatment means were conducted with Tukey-Kramer HSD tests, using an alpha
= 0.05. Data were pooled across treatment groups for each species and analysis of covariance
(ANCOVA) and least squares linear regression were used to analyze the relationships between
Anet and gs, Anet and leaf nitrogen concentration (NA), Vcmax and (NA), and Jmax and (NA).
Correlation coefficients were determined for the relationship between PWUE and PNUE for gray and
yellow birch species, as well.
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RESULTS

Net photosynthesis and stomatal conductance
There were species differences for Anet and gs (Table 3.1). Net photosynthesis and gs of gray
birch seedlings were 70% and 73% greater than yellow birch seedlings (Fig. 3.2). There were no
effects of N, water availability, or their interaction on Anet or gs (Table 3.1).

Photosynthetic capacity
The maximum rate of carboxylation (Vcmax) and the maximum rate of electron transport (Jmax),
two potential biochemical limitations to photosynthesis, were modeled from A-Ci curves
represented in Fig. 3.3. Averaged across N and water treatments, gray birch leaves had higher
Vcmax (57%), Jmax (74%), and Amax (82%) than yellow birch leaves (Table 3.2). Jmax was
significantly different across N treatments (Table 3.2). Leaves from seedlings exposed to 100
kg/ha/yr NH4NO3 had the highest Jmax, which was 32% greater than Jmax of leaves grown under no
N addition and 20% greater than that of leaves grown under 200 kg/ha/yr NH4NO3. Vcmax, Amax,
and the ratio of Jmax to Vcmax did not differ as a function of nitrogen, water availability, or their
interactions (Table 3.2).

Leaf properties
I found significant differences between species for many leaf properties (Table 3.3). Averaged
across N and water treatments, leaf water potential (LWP) of yellow birch seedlings was 23%
lower (more negative) than gray birch seedlings (Table 3.4). Gray birch seedlings had higher
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Table 3.1. F statistics for main treatment effects and their interactions on Anet (net photosynthesis
at growth CO2), gs (stomatal conductance), PWUE (photosynthetic water use efficiency), and PNUE
(photosynthetic nitrogen use efficiency) of gray and yellow birch seedlings grown under varying N
and water availability. Asterisks refer to the probability of a greater F statistic calculated for the
full factorial design: * = 0.01 < P < 0.05; ** = 0.001 < P < 0.01; *** P < 0.001.
Variable

Species

Anet
(µmol CO2 m-2 s-1)
gs
(mol m-2 s-1)

N

Water

Sp x N

Sp x Water N x Water Sp x N x Water

25.53*** 0.42

0.69

0.98

0.75

0.81

0.31

12.76*** 1.49

2.64

1.85

0.38

0.43

1.45

2.93

0.27

1.45

0.41

0.39

5.98**

2.09

3.16*

2.36

PWUE
10.87**
(µmol CO2 mol-1 H2O)

0.19

PNUE
(µmol CO2 g-1 N s-1)

10.16*** 2.14

9.44**
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Fig. 3.2. Net photosynthetic rate (Anet) and stomatal conductance (gs) of gray and yellow birch
seedlings grown under varying levels of N and water supply. Standard error bars show 1 SE +
treatment means. Open bars are reduced water treatment, hatched bars are ambient water
treatment, and closed bars are augmented water treatment.
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Fig. 3.3. Representative A-Ci curves of gray and yellow birch seedlings grown under varying
levels of N and water supply. Open circles are reduced water treatment. Closed triangles are
ambient water treatment. Closed circles are augmented water treatment.
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Table 3.2. F Statistics for main treatment effects and their interactions on Vcmax (maximum velocity of
carboxylation), Jmax (maximum electron transport), the ratio of Jmax to Vcmax, and Amax (net photosynthetic
rate at CO2 saturation) of gray and yellow birch seedlings grown under varying N and water availability.
Asterisks refer to the probability of a greater F statistic calculated for the full factorial design: * = 0.01 < P
< 0.05; ** = 0.001 < P < 0.01; *** P < 0.001.
Variable

Species

N

Water

Sp x N

Sp x Water

N x Water

Sp x N x Water

Vcmax
(µmol CO2 m-2 s-1)

5.95*

0.06

0.20

1.02

0.84

0.47

0.31

Jmax
(µmol CO2 m-2 s-1)

37.91***

3.54*

1.24

2.21

0.33

2.34

0.35

Jmax/Vcmax

2.19

0.31

0.82

0.03

0.91

0.59

0.44

Amax
(µmol CO2 m-2 s-1)

23.86***

0.82

1.05

2.16

1.11

0.75

0.15
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Table 3.3. F statistics for main treatment effects and their interactions on foliar characters of gray and
yellow birch seedlings grown under varying N and water availability. Asterisks refer to the probability of
a greater F statistic calculated for the full factorial design: * = 0.01 < P < 0.05; ** = 0.001 < P < 0.01; ***
P < 0.001.
Variable

Species

N

Water

Sp x N

Sp x Water

N x Water

Sp x N x Water

LWP (MPa)

5.83*

0.94

0.36

2.68

0.65

0.77

1.19

LMA (g m-2)

28.18***

0.08

1.21

3.78*

0.90

2.30

0.48

LWC (%)

12.20**

1.46

6.66**

3.52*

0.09

3.60*

0.09

6.12*

0.92

0.24

0.28

0.56

1.54

0.56

31.27***

0.66

0.13

0.57

0.57

0.40

0.61

NM (mg g-1)
NA (g m-2)
ChlM (mg g-1)

2.26

0.26

0.63

0.26

1.64

0.42

0.92

ChlA (g m-2)

6.41*

2.34

0.01

1.22

3.23

0.61

0.08

Sugar (mg g-1)

0.31

0.32

0.18

1.17

0.32

0.50

0.50

Starch (mg g-1)

0.01

1.90

0.24

0.59

0.93

1.04

1.20
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Table 3.4. Leaf characters of gray and yellow birch seedlings grown under varying levels of N and water availability. Values are means (+ SE) , n = 3.
N treatments are no N addition (No), 100 kg/ha/yr NH4NO3 (100), and 200 kg/ha/yr NH4NO3 (200). Water treatments are reduced (Red), ambient
(Amb), and augmented (Aug).
Leaf
character

Species

No/Red

No/Amb

No/Aug

100/Red

100/Amb

100/Aug

200/Red

200/Amb

200/Aug

LWP
(MPa)

gray birch
yellow birch

-3.8 + 0.8
-5.3 + 0.9

-5.6 + 0.2
-3.8 + 0.3

-6.1 + 0.7
-5.4 + 0.6

-4.1 + 0.1
-5.2 + 0.2

-3.4 + 1.5
-6.7 + 0.9

-2.9 + 1.1
-5.4 + 1.2

-3.9 + 1.5
-7.1 + 1.4

-4.2 + 1.2
-5.4 + 0.4

-5.9 + 0.1
-6.1 + 1.5

LMA
(g m-2)

gray birch
yellow birch

78.7 + 2.1 73.2 + 0.7
73.0 + 2.7 78.5 + 11.6

68.8 + 1.5
58.1 + 3.6

75.4 + 5.3
65.3 + 5.1

77.5 + 3.3
63.3 + 6.4

78.6 + 4.8
63.7 + 4.7

81.6 + 2.7
65.7 + 3.3

75.5 + 3.7
58.3 + 5.7

83.6 + 3.8
62.0 + 5.1

LWC
(%)

gray birch
yellow birch

53.4 + 0.6
48.9 + 1.3

55.2 + 0.7
50.4 + 3.0

60.0 + 1.8
54.3 + 0.8

54.2 + 0.7
51.4 + 0.3

57.1 + 0.7
55.5 + 1.3

56.7 + 2.3
55.4 + 1.9

54.4 + 1.7
53.4 + 1.3

56.4 + 1.0
56.4 + 1.0

53.7 + 1.0
53.2 + 2.1

NM
(mg g-1)

gray birch
yellow birch

23.0 + 1.6
18.3 + 4.0

21.0 + 0.4
18.7 + 1.5

25.5 + 1.9
21.8 + 1.5

24.2 + 1.5
18.3 + 1.5

23.7 + 0.6
23.4 + 3.0

22.3 + 1.0
22.3 + 2.1

23.8 + 2.3
23.0 + 2.4

24.9 + 1.7
23.8 + 3.4

23.2 + 1.7
19.5 + 3.2

NA
(g m-2)

gray birch
yellow birch

1.8 + 0.1
1.3 + 0.3

1.5 + 0.1
1.4 + 0.1

1.8 + 0.1
1.3 + 0.1

1.8 + 0.2
1.2 + 0.1

1.8 + 0.1
1.5 + 0.2

1.8 + 0.2
1.4 + 0.2

1.9 + 0.2
1.5 + 0.1

1.9 + 0.2
1.4 + 0.1

1.9 + 0.2
1.2 + 0.2

ChlM
(mg g-1)

gray birch
yellow birch

6.7 + 0.2
5.6 + 1.1

5.9 + 0.3
7.2 + 1.4

6.9 + 1.2
7.6 + 0.2

6.9 + 0.4
7.6 + 1.5

6.4 + 0.8
9.0 + 1.0

6.1 + 0.8
7.2 + 0.3

6.1 + 0.1
6.3 + 0.1

6.1 + 0.7
9.3 + 2.7

7.0 + 1.9
6.5 + 1.6

ChlA
(g m-2)

gray birch
yellow birch

0.12 + 0.01 0.10 + 0.01 0.12 + 0.01 0.19 + 0.02 0.11 + 0.01 0.12 + 0.01 0.13 + 0.01 0.11 + 0.01 0.12 + 0.01
0.09 + 0.02 0.10 + 0.02 0.09 + 0.01 0.10 + 0.01 0.13 + 0.01 0.12 + 0.01 0.11 + 0.01 0.12 + 0.01 0.10 + 0.01

Sugar
(mg g-1)

gray birch
yellow birch

0.12 + 0.02 0.12 + 0.01 0.11 + 0.01 0.13 + 0.01 0.14 + 0.02 0.11 + 0.01 0.13 + 0.02 0.12 + 0.02 0.13 + 0.01
0.15 + 0.02 0.14 + 0.02 0.14 + 0.02 0.15 + 0.03 0.11 + 0.03 0.12 + 0.03 0.10 + 0.02 0.12 + 0.02 0.13 + 0.02

Starch
(mg g-1)

gray birch
yellow birch

0.14 + 0.01 0.18 + 0.02 0.19 + 0.03 0.16 + 0.02 0.20 + 0.02 0.18 + 0.02 0.16 + 0.03 0.15 + 0.02 0.15 + 0.01
0.14 + 0.01 0.18 + 0.01 0.14 + 0.01 0.22 + 0.04 0.17 + 0.04 0.16 + 0.03 0.16 + 0.03 0.15 + 0.01 0.18 + 0.03
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LMA (18%) and LWC (4%) than yellow birch seedlings. Leaf N concentration of gray birch
was 11% and 33% greater than yellow birch on a leaf mass and area basis, respectively (Table
3.4). Chlorophyll concentration of gray birch was 10% greater than yellow birch, but only on a
leaf area basis. Carbohydrate concentration did not significantly differ between species (Table
3.3).
There were no main effects of N availability on leaf properties, but the effects of nitrogen
on LMA differed between species (Table 3.3). As nitrogen availability to seedlings increased,
differences in LMA between species increased. Under no N addition, LMA did not differ
between species. As 100 kg/ha/yr and 200 kg/ha/yr NH4NO3 were added, LMA of gray birch
seedlings were 20% and 29% greater than yellow birch seedlings (Table 3.4). The effects of N
on LWC was also species dependent (Table 3.3). Under no N addition, LWC of gray birch
foliage was 9% greater than yellow birch, whereas LWC did not differ between species in Nfertilized treatments.
The only leaf property significantly affected by water supply was LWC (Table 3.3).
Averaged across species and N treatments, leaves from reduced water conditions had the lowest
water content (Table 3.4). The effects of N on LWC depended on seedling water supply (Table
3.3). Under no N addition, LWC increased 11% as water availability increased from reduced to
augmented. In conditions where N fertilizer was added, LWC was similar across water
treatments.
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Photosynthetic water and nitrogen use efficiencies
Overall, gray birch seedlings had 36% greater PWUE and 44% greater PNUE than yellow birch
seedlings (Fig. 3.4). Nitrogen and water availability did not significantly affect PWUE or PNUE.
PWUE and PNUE were significantly and positively correlated in gray birch seedlings (r = 0.46, p =
0.02). In yellow birch seedlings these parameters were not significantly correlated (r = -0.11, p
= 0.57).

Relationships between photosynthetic responses and leaf N
Pooling data across N and water treatments revealed a positive relationship between A and gs for
gray and yellow birch seedlings (Table 3.5). For gray birch seedlings, the coefficient of
determination (r2) indicated that more than four-fifths of the variation in Anet was accounted for
by changes in gs. Analysis of covariance, however, indicated that the slopes of gray birch and
yellow birch seedlings did not differ for the relationship between Anet and gs. There was no
evidence for a significant relationship between Anet and NA (Table 3.5). There was a positive
relationship between Vcmax and NA for yellow birch seedlings (Table 3.5), where 18% of the
variation in Vcmax was associated with the variation in leaf N. I found no evidence for any
relationships between photosynthetic parameters and NA in gray birch seedlings, including no
relationships between Jmax and NA for either birch species.
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Fig. 3.4. Photosynthetic water use efficiency (PWUE) and phtosynthetic nitrogen use efficiency
(PNUE) for gray and yellow birch seedlings grown under varying levels of N and water supply.
Standard error bars show 1 SE + treatment means. Open bars are reduced water treatment,
hatched bars are ambient water treatment, and closed bars are augmented water treatment.
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Table 3.5. Relationships between Anet (net photosynthetic rate) and gs (stomatal conductance),
Anet and leaf N on an area basis (NA), Vcmax (maximum rate of carboxylation) and NA, Jmax
(maximum rate of electron transport) and NA for gray and yellow birch seedlings. Species data
were pooled across N and water treatments.
Relationship

Species Regression Equation

F

P>F

r2

118.02
13.89

<0.001
0.001

0.81
0.36

Anet vs gs

gray birch Anet = 4.1372 + 35.6058 gs
yellow birch Anet = 1.7791 + 47.1172 gs

Anet vs NA

gray birch Anet = 10.5051 - 1.52324 NA
yellow birch Anet = 1.37661 + 2.3211 NA

1.27
3.66

0.271
0.068

0.05
0.13

Vcmax vs NA

gray birch Vcmax = 41.4357 + 12.8901 NA
yellow birch Vcmax = -43.826 + 61.0061 NA

0.95
4.99

0.341
0.036

0.04
0.18

Jmax vs NA

gray birch Jmax = 56.9571 + 30.1512 NA
yellow birch Jmax = 31.6718 + 22.2957 NA

2.08
2.24

0.162
0.149

0.08
0.09
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DISCUSSION

Elevated N can alter tree growth in ways that increase the potential for transpirational water loss
and reduced water uptake (Van der Eerden and Perez-Soba 1992, Emmett et al. 1995, De Visser
et al. 1996). In a previous study, I examined the effects of varying N and water availability on
deciduous tree seedling growth and biomass allocation (Myers and Thomas in preparation). I
observed increased leaf area production in gray and yellow birch species and reduced root
growth in red oak species with N addition. However, I observed no negative effects of reduced
water availability on seedling growth. I hypothesized that if any adverse effects of water stress
were conferred to seedlings grown under elevated N conditions, they may be more apparent at
the leaf level, manifest through changes in photosynthetic response and resource use efficiency.
In the present study, I found strong species differences in photosynthetic response.
Others have also noted that early successional species, such as gray birch, exhibit higher
photosynthetic rates than later successional species, like yellow birch (Abrams and Mostoller
1995; Bazzaz 1996). I found few effects of N supply and no effects of water supply on carbon
assimilation and resource use efficiency by gray and yellow birch seedlings and, thus, little
evidence to support my hypothesis. I found no effect of elevated N availability on Anet in gray or
yellow birch seedlings. Other studies have examined photosynthetic response of different birch
species and, similarly, found no differences in Anet due to N supply (Wendler and Millard 1996,
Wang et al. 1998). However, unlike our findings, these studies found that seedling response to
water supply was strongly dependent on N availability. Wendler and Millard (1996) found that
under low N, Anet and transpirational water loss of Betula pendula leaves were unaffected by
differences in water availability, whereas both of these parameters decreased when water
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availability was reduced to seedlings grown under high nitrogen. However, at the whole canopy
level, they found that seedlings grown under high N experienced greater transpirational water
loss, due to greater leaf production and leaf area.
In the present study, I observed no significant differences in LWP across water
treatments, which may have been the reason that water supply had no effect on Anet or gs. Wang
et al. (1998) examined instantaneous photosynthetic response in four populations of paper birch.
Contrary to my study, they found reductions in gs with decreased water supply and, under high
water conditions, two populations showed reduced gs with increased N availability.
The results of my study do not support the results of others that have examined the
interactive effects of nitrogen and water availability on photosynthetic response and resource use
efficiency (Lajtha and Whitford 1989, Reich et al. 1989, Wang et al. 1998). In addition to the
parameters already mentioned, I found no effects of N and water availability on PWUE or PNUE, as
well as no evidence of a correlation between PWUE and PNUE. I found a positive relationship
between Anet and gs, and these strongly covaried in gray birch seedlings (Table 3.5). Overall,
gray birch seedlings exhibited higher photosynthetic rates and stomatal conductance, greater
PWUE, PNUE, and photosynthetic capacity than yellow birch seedlings. I expected gray birch to
exceed yellow birch across these parameters, given the low resource requirements of gray birch
and their relatively faster growth rates.
Several studies have shown positive relationships between photosynthesis and leaf N
(Lathja and Whitford 1989; Johnsen 1993; Abrams and Mostoller 1995; Reich et al. 1998). In
my study, the lower level of N addition (100 kg/ha/yr NH4NO3) stimulated Jmax, while Jmax of
leaves at the higher N level (200 kg/ha/yr NH4NO3) did not differ from the no N addition
treatment. This implies that there is a N-induced limitation to the stimulation of maximum
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electron transport rates for these birch species. I found no differences in the Jmax to Vcmax ratio
across species or resource supply, indicating the similarity with which species regulate
photosynthetic capacity between carboxylation and electron transport rates, independent of
resource supply. I also found no differences in foliar N, chlorophyll, or total nonstructural
carbohydrate concentrations across N and water treatments. Gray birch seedlings had greater
LMA, foliar N and chlorophyll concentration than yellow birch, as I expected given their higher
photosynthetic response. Abrams and Mostoller (1995) also showed that early successional
species had greater LMA and leaf N content than later successional species and suggested that
greater LMA contributed to greater drought tolerance by early successional species.
Despite finding no differences in pre-dawn LWP across water treatments, I found that
across species and N treatments, LWC decreased with reductions in water availability.
Furthermore, I found that yellow birch leaves had lower LWC with more negative pre-dawn
LWP than gray birch leaves. Pre-dawn LWP of seedlings from all Species x N x Water
treatment groups were well below those reported for other deciduous tree seedlings in a field
study where water was manipulated in a similar manner to my study (Tschaplinski et al. 1998).
The low pre-dawn LWP values in my study are evidence of the drought that seedlings were
experiencing during 1999 and also imply that yellow birch seedlings were experiencing greater
water stress than gray birch seedlings, although I found no other physiological evidence to
support this. Under no N addition, LWC decreased with reduced water supply and this did not
change with water availability under N-fertilized treatments. This was the only leaf character
that appeared to be sensitive to a N-induced moderation of water stress symptoms.
Several studies have suggested that elevated N alters the drought resistance of plants
(Nilsen 1995, De Visser et al. 1996). Van der Eerden and Perez-Soba (1992) showed that Pinus
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sylvestris saplings fumigated with atmospheric ammonia experienced increased photosynthesis
and transpiration, greater water loss and, greater susceptibility to drought. I observed minimal
responses of seedling photosynthesis, resource use efficiency, and leaf chemistry to variations in
water supply under elevated N. I found high variability of seedling response in my field study.
The majority of studies that showed strong responses of physiological parameters to variations in
resource supply had greater experimental control, either in pot studies or chamber environments
(Reich et al. 1989, Van der Eerden and Perez-Soba 1992, Wendler and Millard 1996, De Visser
et al. 1996, Wang et al. 1998). Johnsen (1993) showed that N-fertilized black spruce seedlings
exposed to elevated CO2 showed a strong positive relationship between photosynthetic rate and
foliar N concentration in well-watered plants, but not in droughted plants. In a field study,
Lajtha and Whitford (1989) showed a relationship between net photosynthesis and leaf N in
Larrea tridentata plants exposed to N fertilization and variations in water availability, but this
relationship was inconsistent across months. The interactive effects of water availability on
plants grown under elevated N environments remain unclear, yet N inputs into forest ecosystems
continue at an accelerated rate (Fenn et a. 1998). It is essential to understand the impact of these
environmental effects on physiological mechanisms that differentially determine the growth of
tree species, as this could affect competitive interactions and larger-scale dynamics, such as
changes in forest species composition.
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Chapter 4

Impacts of N and water availability on seedling foliar chemistry
of differently-suitable host species and gypsy moth performance
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ABSTRACT

Northeastern forests of North America receive excessive N inputs and global climate change
models predict that these regions will experience increases in the occurrence and severity of
drought. I hypothesized that the interaction of these factors would alter foliar chemistry of trees
in ways that would increase the susceptibility of these forests to insect herbivory by gypsy moth,
a generalist herbivore. I grew seedlings of two host species, gray birch (Betula populifolia) and
yellow birch (B. alleghaniensis), in the field for two years under three levels of elevated NH4NO3
(no addition, 100 kg/ha/yr, 200 kg/ha/yr) and three levels of water availability (reduced, ambient,
augmented). During the second year, I quantified foliar chemistry and fed late-instar gypsy moth
larvae foliage from these seedlings in growth chamber feeding trials and quantified insect
response. Gray birch and yellow birch differed in many leaf characteristics, including specific
leaf area (SLA), leaf water content (LWC), C/N ratio, sugar concentration, condensed tannin
concentration, sugar/condensed tannin ratio, and nitrogen concentration. As a result, gray birch
produced more nutritive foliage and gypsy moth performed better on this species. Addition of N
at 100 kg/ha/yr NH4NO3 stimulated foliar N in both species and chlorophyll concentration in
gray birch. Reductions in water availability increased sugar/condensed tannin ratios in both
species. The response of herbivory to N and water availability, however, was unpredictable and
nonlinear, such that increasing levels of N did not directly increase growth rates and nutritional
indices. I conclude that any species-dependent effects of nitrogen and water availability that
may alter competitive interactions and, perhaps shifts in species composition, will more likely
influence forest susceptibility to defoliation by gypsy moth than the effects of N and water
availability on foliar chemistry.
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INTRODUCTION

Elevated atmospheric nitrogen deposition in forests of northeastern North America alters tree
response in ways that can affect many aspects of ecosystem dynamics, including species
composition, nutrient cycling, and the performance of phytophagous insects (Aber et al. 1998;
Erelli et al. 1998; Fenn et al. 1998). Nitrogen fertilization studies have shown that trees exposed
to elevated N inputs initially exhibit increased growth and reduced carbohydrate storage, while
producing high N foliage with relatively lower concentrations of carbon-containing compounds
(Estiarte et al. 1994; Hoft et al. 1996). These studies provide strong support for the carbonnutrient balance (CNB) hypothesis, which states that plants not limited by N produce leaves with
low C/N ratios (Bryant et al. 1983). Because insect performance is directly related to foliar N
concentration (Mattson 1980), elevated N inputs could greatly increase forest susceptibility to
insect outbreaks by improving the performance of insects on trees in these forests.
Multiple environmental factors affect plant resource supply, foliar N content and, thus,
foliar quality to insect herbivores (e.g. Chapin et al. 1987; Thomas and Hodkinson 1991; Estiarte
et al. 1994; Höft et al. 1996; Roth et al. 1997). For example, many studies have shown that
plants grown under elevated atmospheric CO2 produce foliage with high C/N ratios, which
reduces larval growth rates, development rates, pupal weights, and survival of insect herbivores
(Wong 1979; Lindroth et al. 1993; Roth and Lindroth 1994; Traw et al. 1996; Kinney et al. 1997;
Williams et al. 1997; Bezemer and Jones 1998; Coley 1998; Hättenschwiler and Schafellner
1999). Despite poorer insect performance, larvae may exhibit higher consumption rates when
feeding on lower quality foliage (Slansky and Wheeler 1992). The effect of water availability on
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foliar chemistry, however, is variable and its role in plant-insect interactions is less clear
(Mattson and Haack 1987; English-Loeb et al. 1997).
The plant-stress hypothesis maintains that low water availability alters leaf chemistry in
ways that promote insect outbreaks. According to this hypothesis, soluble N concentration in
leaves increase within moderately water-stressed plants and severely water-stressed plants lack
the resources to produce metabolically expensive defensive compounds, many of which are
carbon-based (Rhodes 1979; Gershenzon 1984; White 1984). Recent studies, however, have
documented nonlinear responses of plants and insect herbivores to increasing water stress,
finding little evidence for the broad relationships proposed by the plant-stress hypothesis
(Thomas and Hodkinson 1991; Floater 1997; Shure et al. 1998). Because global climate change
models forecast increased occurrence of drought in some terrestrial ecosystems concurrently
experiencing elevated N deposition (Wetherald and Manabe 1999), it is important to determine
the effects of water availability, its interaction with N inputs, and the implication for plant-insect
interactions.
There is ample evidence to suggest that insect herbivore behavior is strongly influenced
by the nutritional quality of host species and that nutritional quality varies across species, at
times independent of resource supply (Kleiner and Montgomery 1994; Traw et al. 1996; Kinney
et al. 1997; Roth et al. 1997). The objectives of this study were to quantify foliar chemistry of
tree seedlings exposed to reductions in water supply under elevated N conditions and assess
larval performance of gypsy moth, Lymantria dispar L. (Lepidoptera: Lymantriidae), on two,
intrageneric host species that differ in suitability to this generalist insect herbivore. I
hypothesized that reductions in water supply to tree seedlings would reduce the expected
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improvement in foliar quality resulting from N addition to host plants. As a result, insect
performance would be reduced, however consumption rates may be stimulated.
I predicted that these effects would be more apparent when larvae fed on gray birch, the more
suitable host species.
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METHODS

Study species
Gray birch (Betula populifolia Marsh) and yellow birch (B. alleghaniensis Britton) occur in
forests of eastern North America and differ in suitability as hosts for gypsy moth larvae (Burns
and Honkala 1990; Liebhold et al. 1995). Gray birch is a pioneer species that requires high light
and tolerates infertile soil conditions. Yellow birch appears in forests during later successional
stages. It is moderately shade tolerant and requires greater soil fertility than gray birch (Burns
and Honkala 1990). Both exhibit indeterminate growth and continuously produce new leaf tissue
throughout the growing season.
Gypsy moths have been predominant defoliators of eastern North American forests since
their introduction in 1869. They are polyphagous folivores that perform differentially on a wide
variety of tree species (Mauffette et al. 1983; Kinney et al. 1997). Larvae have been shown to
prefer and perform better on gray birch compared to yellow birch and, therefore, gray birch is
classified as a highly suitable host, while yellow birch is classified as a less suitable host for
herbivory (Liebhold et al. 1995). For this study, late instar larvae (third to fourth stadium) were
obtained from the USDA Animal and Plant Methods Center at Otis Air Force Base
(Massachusetts, USA).
Gypsy moth exhibit a univoltine life cycle, with egg hatch occurring in early spring.
Larvae feed through mid-summer and adults lay eggs in late summer to early fall. Adult females
are flightless, yet larvae are mobile, highly sensitive to changes in foliar quality, and are largely
responsible for host plant selection (Lance and Barbosa 1981; Lance and Barbosa 1982; Lance et
al. 1991; Kinney et al. 1997).
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Plant Growth
Gray and yellow birch seedlings were grown for two years under N and water treatments at the
WVU Agronomy Farm in Morgantown, West Virginia (39°40′ N, 79°54′ W). Soils at this site
are classified as moderately well-drained Dormont and Guernsey silt loams with 8 to 15 percent
slopes and are described as highly suitable for tree growth (Wright et al. 1982).
Seeds of gray and yellow birch, collected from Pennsylvania sources (F.W. Schumacher
Co., Inc., Sandwich, MA), were stratified for three months at 4°C, germinated in May 1997, and
grown for four months under greenhouse conditions (29°C day, 18°C night).
In early October 1997, gray and yellow birch seedlings were transplanted at the WVU
Agronomy Farm into nine blocks of three, 3 x 2 m subplots, each containing five trees per
species (Fig 2.2). Within each subplot gray and yellow birch seedlings were planted together
with red oak (Quercus rubra L.) and black locust seedlings (Robinia pseudoacacia L.), for a total
of 20 seedlings planted in each subplot. Position of species within a subplot was randomly
chosen and seedlings were planted 0.5m apart. The interest in intrageneric differences between
gray and yellow birch as host species for gypsy moth larvae limited the use of only these species
in this study. Nitrogen treatments included ambient and two levels of N fertilization. Fertilized
blocks received a single application of dry NH4NO3 at levels of 100 kg/ha/yr (n=3) and 200
kg/yr/ha (n=3) at the beginning of March 1998 and March 1999. NH4NO3 was broadcast over
the soil around the base of the seedlings (radius = 0.5m). N levels for supplemented plots
approximate a high level of N deposition into some fertilized Appalachian forests (35 kg N/ha;
Gilliam et al. 1996) and a doubled level (70 kg N/ha), given the future of increased N inputs to
these systems (Galloway 1995). Three control blocks received no fertilizer addition.
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Water availability to seedlings relied on natural rainfall events and was either reduced,
ambient, or augmented. Water availability was reduced in nine, upslope subplots by capturing
rainwater in open drainage pipes that covered approximately 25% of the subplot area. This water
was diverted to nine, downslope, augmented subplots. A third set of nine supblots, flanked by
the low and high-water subplots, served as an ambient condition. The ambient subplots had
closed drainage pipes running through them, which did not alter the input of water from rainfall.
Surface and subsurface water and nutrient flow was eliminated down to 3 m by plastic-lined
trenches that separated the nine N treatment blocks from one another and the surrounding area.
Soil water content was measured approximately weekly and precipitation and temperature were
recorded daily throughout the growing seasons in 1998 and 1999. Differences among water
treatments were maintained during the growing seasons by either the drainage pipe installation,
the slightly-graded slope that the seedlings were planted on, or a combination of the two. Soil
water content in reduced plots was lower than soil water content in augmented plots, throughout
the two year period. The differences in soil water content between these water treatments ranged
from below 5% to about 10%. Furthermore, during the 1999 growing season a drought occurred,
as indicated by the overall lower precipitation and soil moisture values for that year.

Leaf characteristics
Leaf samples (4-5 leaves) were collected during the second week of August from each seedling
subsequently used in the feeding trials to determine the effects of nitrogen and water availability
on foliar chemistry. All samples were stored on ice and transported to the laboratory, where
fresh mass and leaf area were measured (LI-3100 Area Meter, LiCor, Inc., Lincoln, NE, USA).
Samples were dried at 65°C for 48 hrs before dry mass was measured. Leaf water content
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(LWC) was determined as the proportional difference between leaf fresh and dry weight.
Specific leaf area (SLA) was calculated as the proportion of leaf area to dry mass of leaf tissue.
Subsamples of this tissue were used to determine C and N concentration ratios, total
nonstructural carbohydrates, total phenols, and condensed tannins on a dry weight basis.
Subsamples (5 mg) were combusted in an elemental analyzer (NA1500, Carlo Erba
Instrumentazoine, Milan, Italy) to determine leaf C and N concentrations. Subsamples (15 mg)
were also assayed for total nonstructural carbohydrates using an acid hydrolysis method to
separate sugars and starch from leaf tissue with a methanol:chloroform:water solution following
Tissue and Wright (1995). For total phenol and condensed tannin analyses, leaf tissue (200 mg)
was extracted on a shaker table overnight at room temperature in 50% methanol (20 ml). Total
phenols were determined by a modified prussian blue assay (Graham 1992), using 1.0 mM gallic
acid to construct a standard curve. Condensed tannins were quantified by the acid butanol
method of Porter et al. (1986), using crude quebracho tannin as a reference standard.
Chlorophyll concentration was determined using a portable chlorophyll meter (SPAD-502,
Minolta, Osaka, Japan) and interpolated using a regression equation constructed from samples
with known SPAD values and chlorophyll concentrations, obtained using the N,N
dimethylformamide extraction method of Porra et al. (1989). Absorbance values for all
colorimetric methods described above were obtained using a UV Spectrophotometer (UV-1601,
Shimadzu, Tokyo, Japan).

Feeding Trials
Feeding trials were conducted in growth chambers (Econoair Ecological Chambers, Winnipeg,
MB, Canada) during the second and third week of August 1999. Growth chambers were set to
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approximate early summer field conditions (14:10 L:D cycle at 23° +/- 0.5° C, and 70% RH), and
I measured foliar consumption, insect growth, and various larval nutritional indices. Two
branches were harvested from each of six, field-grown seedlings within each Species x Nitrogen
x Water treatment combination (N=108). Pairs of clipped branches (≈ 30cm) were removed
from the top-third portion of each seedling, proximally close to one another, and contained
enough leaf tissue to provide larvae with continuous access to fresh foliage for approximately
three days (Scriber 1977). Immediately after clipping and throughout the experiment, individual
branches were kept hydrated using plastic vials filled with water and stoppered with rubber caps
(Hough and Pimentel 1978; Roth and Lindroth 1994; Strom and Hain 1996). Fresh foliage was
provided to larvae using the same method, every third day, over the two week experimental
period.
Excised branches were individually weighed and one gypsy moth larva was weighed and
placed inside a net bag surrounding each branch. Every third day, when foliage was replaced,
larvae were re-weighed, frass was collected, and larvae were rotated between growth chambers
to prevent differential effects due to chambers. Frass and branches that were replaced were dried
at 65° C for 48 hrs and weighed. Larval consumption rates were obtained by comparing final dry
weights of these branches to their initial dry weights using fresh-dry weight conversions from a
representative sample of branches within each treatment group (n=6) not exposed to larvae. At
the end of the two week period, larvae were dried at 65°C for 48 hrs and weighed. Sample
larvae (n=20) were weighed both fresh and dry to express all fresh weights as dry weights for
larval and nutritional calculations. Consumption rates and larval growth rates were expressed as
mg food consumed/day and mg larval biomass gained/day. Nutritional indices were calculated
according to the methods of Waldbauer (1968): approximate digestibility (AD) = (mg food
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ingested - mg frass / mg food ingested) X 100 (%); efficiency of converting digested food to
larval biomass (ECD) = (mg larval biomass gained / mg food ingested - mg frass) x 100 (%);
efficiency of converting ingested food to larval biomass (ECI) = (mg larval biomass gained / mg
food ingested) x 100 (%). The first four days of feeding trials were excluded from the
calculation of nutritional indices to minimize error associated with food that larvae consumed
prior to the feeding trials.

Statistical Analysis
All measurements of foliar chemistry and larval performance were analyzed using three-way
ANOVAs to test for the effects of N availability, water availability, species, and their
interactions (JMP, SAS Institute, Inc., Cary, NC). Seedlings damaged during previous,
naturally-occurring defoliation events at the field site were excluded from the pool of randomlyselected seedlings for feeding trials, because these defoliation events could have altered leaf
chemistry and resulting larval performance (Haukioja et al. 1985). This reduced replication and
prevented the analysis of plot effects within the model. For all measures of larval performance,
replicate pairs of clipped branches from the same plant were treated as a nested effect, with plant
nested within the three-way interaction (N x Water x Species). Since larval growth rate,
consumption rate, and their components were strongly correlated with larval weight at the onset
of the experiment, we added initial larval dry weights to the model as a covariate. ECI and ECD
data were ln-transformed to normally distribute data. All effects where p < 0.05 were considered
statistically significant.
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RESULTS

Leaf characteristics
Overall, gray and yellow birch seedlings differed across most leaf characters (Table 4.1). Gray
birch leaves were thicker than yellow birch leaves (7%) and contained greater water content (4%;
Table 4.2). C/N ratios were 14% lower in gray birch leaves than yellow birch due, in part, to
lower leaf sugar content (18%). However, there were no differences in starch content between
the two species. Analyses of carbon-based secondary compounds showed no differences
between species in total phenols, but gray birch contained lower condensed tannin concentrations
(41%). Gray birch leaves had greater sugar/condensed tannin ratios (SUG/CT) than yellow birch
(62%) and greater N per leaf area (10%).
There was a significant effect of N supply on SLA, where leaves of seedlings exposed to
200 kg/ha/yr NH4NO3 were 10% thinner than leaves of seedlings exposed to 100 kg/ha/yr
NH4NO3 (Table 4.2). Chlorophyll concentration was also sensitive to N availability, but the
response was nonlinear. Seedlings exposed to 100kg/ha/yr NH4NO3 had the greatest foliar
chlorophyll concentration. Addition of 200 kg/ha/yr NH4NO3 did not continue to increase
chlorophyll concentrations, nor did chlorophyll concentrations from seedlings in this treatment
differ from those grown under no N supplementation (Table 4.2).
The effects of N on leaf N concentration differed between species (Table 4.1). Gray
birch seedlings exposed to 100 kg/ha/yr NH4NO3 had greater leaf N concentration than seedlings
from no N addition treatments (14%; Table 4.2). Similar to chlorophyll concentration, the
response of leaf N to seedling N supply was not linear for gray birch. Leaf N concentration of
seedlings exposed to 200 kg/ha/yr NH4NO3 did not differ from those not exposed to
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Table 4.1. ANOVA results for effects of nitrogen, water availability and tree species on several foliar characteristics, including
specific leaf area (SLA), leaf water content (LWC), carbon to nitrogen ratio (C/N), sugar (SUG), starch (STA), total phenol (TP),
condensed tannin (CT), sugar to condensed tannin ratio (SUG/CT), nitrogen concentration (NA), and chlorophyll concentration (CHL).
Asterisks refer to the probability of a greater F statistic calculated for the full factorial design: * = 0.01 < P < 0.05; ** = 0.001 < P <
0.01; *** P < 0.001. Error degrees of freedom are 90 for SLA and LWC; 88 for C/N and NA; 87 for TP and CT; 37 for SUG, STA,
and SUG/CT; 142 for CHL.
Source

df F-statistics
SLA

N

2

STA

TP

(cm2 mg-1) (%)

LWC

(mg mg-1) (%)

(%)

(mg L-1) (mg ml-1)

(mg mg-1) (mg cm-2) (mg cm-2)

3.30*

0.22

0.13

0.59

0.53

0.53

0.79

1.90

8.91***

1.73

C/N

SUG

CT

SUG/CT

NA

CHL

H2O

2

2.17

1.10

0.34

1.54

0.49

1.28

0.94

5.49**

0.53

0.87

Sp

1

5.72*

28.60***

26.54***

9.53**

0.05

0.01

68.36***

32.15***

12.21***

0.54

N x H2O

4

1.18

0.34

0.75

0.18

0.57

0.67

0.18

0.18

1.01

1.40

N x Sp

2

2.03

1.00

2.18

0.69

0.20

1.66

0.77

0.49

3.60*

2.78

H2O x Sp

2

1.19

0.88

0.32

0.10

0.45

0.04

0.05

1.98

0.05

1.01

N x H2O x Sp 4

1.64

1.39

1.07

0.91

0.30

1.59

1.69

0.99

1.59

1.95

Error

90, 88, 87, 37, 142
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Table 4.2. Leaf characters of gray and yellow birch seedlings grown under varying levels of N and water availability. Values are means (+ SE). Leaf
characters are specific leaf area (SLA), leaf water content (LWC), C/N ratio (C/N), sugar concentration (SUG), starch concentration (STA), total
phenol concentration (TP), condensed tannin concentration (CT), sugar/condensed tannin ratio (SUG/CT), nitrogen concentration (NA), and chlorophyll
concentration (CHL). N treatments are no N addition (No), 100 kg/ha/yr NH4NO3 (100), and 200 kg/ha/yr NH4NO3 (200). Water treatments are
reduced (Red), ambient (Amb), and augmented (Aug).
Character
SLA
(cm2 mg-1)
LWC
(%)
C/N
(mg mg-1)
SUG
(%)
STA
(%)
TP
(mg L-1)
CT
(mg ml-1)
SUG/CT
(mg mg-1)
NA
(mg cm-2)
CHL
(mg cm-2)

Species

No/Red

No/Amb

No/Aug

100/Red

100/Amb

100/Aug

200/Red

200/Amb

200/Aug

gray birch 0.17 + 0.01 0.17 + 0.01 0.17 + 0.01 0.17 + 0.01 0.16 + 0.01 0.16 + 0.01 0.17 + 0.01 0.17 + 0.01 0.17 + 0.01
yellow birch 0.18 + 0.01 0.17 + 0.01 0.17 + 0.02 0.14 + 0.01 0.17 + 0.01 0.18 + 0.02 0.18 + 0.01 0.23 + 0.03 0.19 + 0.01
gray birch

58.5 + 0.4

60.8 + 0.8

60.0 + 0.7

57.2 + 0.4

60.0 + 1.1

58.9 + 0.6

59.4 + 1.1

58.7 + 0.9

59.6 + 1.0

yellow birch

56.0 + 1.2

56.5 + 0.8

57.2 + 0.9

57.1 + 1.0

56.1 + 1.2

55.7 + 0.8

57.3 + 1.6

58.4 + 1.0

57.1 + 0.7

gray birch

21.6 + 1.3

22.3 + 1.3

22.0 + 1.0

20.6 + 1.3

19.3 + 0.8

20.6 + 0.9

22.0 + 0.9

21.0 + 0.8

21.4 + 1.8

yellow birch

22.2 + 1.2

22.8 + 0.8

25.8 + 2.1

25.2 + 1.6

26.5 + 2.0

23.6 + 1.9

24.7 + 1.2

23.7 + 0.9

26.1 + 1.7

gray birch

11.2 + 1.9

9.8 + 0.6

10.1 + 2.0

9.7 + 1.5

9.0 + 0.2

9.8 + 1.2

12.2 + 0.5

8.5 + 0.7

10.0 + 1.9

yellow birch

12.2 + 0.5

12.3 + 1.8

12.6 + 2.1

15.2 + 1.5

11.4 + 1.9

12.1 + 1.8

11.0 + 1.4

11.3 + 2.0

12.3 + 1.7

gray birch

10.6 + 0.4

14.7 + 4.6

12.4 + 1.3

15.0 + 2.1

12.9 + 1.9

11.4 + 1.5

14.0 + 1.0

16.5 + 6.5

11.8 + 2.5

yellow birch

11.6 + 1.2

16.5 + 5.9

12.9 + 0.1

13.0 + 0.9

11.5 + 1.6

12.3 + 2.2

13.4 + 1.0

14.1 + 1.8

17.0 + 5.7

gray birch

3.5 + 0.21

3.3 + 0.2

3.6 + 0.3

3.4 + 0.3

2.8 + 0.2

3.7 + 0.2

3.5 + 0.2

3.6 + 0.4

3.2 + 0.3

yellow birch

3.9 + 0.2

3.0 + 0.2

3.8 + 0.6

4.2 + 0.5

3.6 + 0.8

3.4 + 0.6

3.3 + 0.3

2.8 + 0.2

3.4 + 0.5

gray birch 0.25 + 0.04 0.21 + 0.03 0.24 + 0.05 0.20 + 0.04 0.17 + 0.02 0.27 + 0.04 0.22 + 0.04 0.24 + 0.04 0.21 + 0.03
yellow birch 0.35 + 0.05 0.37 + 0.03 0.45 + 0.05 0.40 + 0.05 0.42 + 0.04 0.38 + 0.05 0.37 + 0.04 0.31 + 0.03 0.38 + 0.04
gray birch

5.9 + 1.5

4.7 + 0.8

4.0 + 0.4

6.5 + 0.5

5.4 + 0.6

4.5 + 1.9

7.7 + 0.9

4.6 + 0.6

5.0 + 0.7

yellow birch

4.0 + 0.6

3.2 + 0.6

2.9 + 0.3

3.3 + 0.3

2.4 + 0.5

3.4 + 0.3

3.8 + 0.7

4.1 + 0.4

3.0 + 0.2

gray birch

9.6 + 0.6

9.0 + 0.7

9.4 + 0.5

11.0 + 0.7

10.6 + 0.4

10.2 + 0.4

9.3 + 0.5

10.2 + 0.3

9.7 + 1.0

yellow birch

10.1 + 0.5

9.6 + 0.4

8.4 + 0.5

8.6 + 0.5

8.6 + 0.7

9.7 + 0.6

8.8 + 0.3

8.9 + 0.5

8.2 + 0.6

gray birch 1.13 + 0.01

1.08+ 0.03 1.04 + 0.05 1.09 + 0.02 1.09 + 0.02 1.09 + 0.02 1.05 + 0.03 1.02 + 0.03 1.06 + 0.02

yellow birch 1.04 + 0.02 1.05 + 0.05 1.04 + 0.04 1.11 + 0.02 1.12 + 0.02 1.07 + 0.01 1.04 + 0.01 0.98 + 0.01 0.98 + 0.01
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supplemental N. Leaf N of yellow birch did not differ as a function of seedling N availability
(Table 4.2). There was a trend toward N supply having a species-dependent effect on
chlorophyll concentration (p=0.07). Leaves of yellow birch seedlings exposed to 100 kg/ha/yr
NH4NO3 had slightly greater chlorophyll concentrations than leaves of seedlings exposed to both
200 kg/ha/yr NH4NO3 (11%) and no N addition (6%). In gray birch, there were no differences in
chlorophyll concentration as a function of N supply to seedlings (Table 4.2).
SUG/CT was the only leaf character altered by seedling water availability (Table 4.1). I
found that the reduction in water availability from augmented to reduced conditions increased
SUG/CT 38% (Table 4.2).

Feeding Trials
I observed significant effects of species, water, and their interactions with nitrogen on several
parameters of insect performance (Table 4.3). Across N and water treatments, larvae fed gray
birch leaves had higher growth rates than those fed yellow birch leaves (70%), yet larvae did not
consume leaves of gray and yellow birch at different rates (Fig. 4.1). Overall, gypsy moth larvae
did not differ in their efficiency of converting digested gray or yellow birch tissue into biomass,
but they were more efficient at converting ingested gray birch tissue into biomass, compared to
yellow birch tissue (Fig. 4.2).
Growth rate was significantly affected by N treatment (Table 4.3). Larvae fed leaves
from 200 kg/ha/yr NH4NO3 had lower growth rates (18%) compared to those fed leaves grown
under 100 kg/ha/yr NH4NO3 (Fig. 4.1).
There was a significant effect of seedling water supply on larval growth rate and
consumption rate (Table 4.3). Larval growth rate increased 16% and larval consumption rate
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Table 4.3. ANOVA results for effects of nitrogen, water availability, and tree species on larval
growth rate, consumption rate, approximate digestibility (AD), efficiency of converting digested
food into larval biomass (ECD), and efficiency of converting ingested food into larval biomass
(ECI). Values for ECI and ECD were ln transformed to normalize the distribution of data.
Asterisks refer to the probability of a greater F statistic calculated for the full factorial design: * =
0.01 < P < 0.05; ** = 0.001 < P < 0.01; *** P < 0.001. Error degrees of freedom are 193 for
growth rate, 103 for consumption rate, 134 for AD, 112 for ECD, and 155 for ECI. For the
Plant(N x H2O x Sp) effect, n.s. indicates that the nested effect was not significant (p < 0.05) and
it was excluded from the model during analysis of those parameters.
Source

df F-statistics

N
H2 O
Sp
N x H2 O
N x Sp
H2O x Sp
N x H2O x Sp
Plant(N x H2O x Sp)
Error

2
2
1
4
2
2
4
90

Growth rate
(mg d-1)

Consumption rate
(mg d-1)

AD
(%)

ECD
(%)

ECI
(%)

3.21*
3.19*
56.03***
0.74
0.97
0.60
0.29
n.s.

0.50
4.01*
0.24
1.76
4.87**
0.07
1.13
1.61*

1.37
0.18
3.09
4.14**
5.41**
0.69
5.06***
n.s.

1.03
3.02*
0.30
1.75
0.97
1.88
1.14
2.19**

0.03
2.45
9.74**
0.15
5.70**
1.01
2.91
1.88*

193, 103, 134, 112, 155
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Fig. 4.1. Growth rate and consumption rate of gypsy moth larvae fed gray and yellow birch
foliage grown under varying N and water availability. . Standard error bars show 1 SE +
treatment means. Open bars are reduced water treatment, hatched bars are ambient water
treatment, and closed bars are augmented water treatment (n=6).
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Fig. 4.2. Approximate digestibility (AD), efficiency of converting digested food (ECD), and
efficiency of converting ingested food (ECI) into larval biomass for gypsy moth larvae fed gray
and yellow birch foliage grown under varying N and water availability. Standard error bars
show 1 SE + treatment means. Open bars are reduced water treatment, hatched bars are ambient
water treatment, and closed bars are augmented water treatment (n=6).
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increased 39% as water availability decreased from augmented to reduced conditions (Fig. 4.1).
There was also a significant effect of water availability on ECD (Table 4.3). As water
availability was reduced from augmented to reduced conditions, ECD was stimulated 9%.
Larvae consumed foliage from species differently as a function of N availability (Table
4.3). Larvae fed gray birch showed no changes in consumption as a function of seedling N
supply, whereas those fed yellow birch consumed foliage from no N addition treatments at a
faster rate than foliage from N-fertilized treatments (Fig. 4.1).
There were significant three-way interactive effects for the effects of species, N, and
water on AD and ECI (Table 4.3). When larvae were fed foliage from no N addition treatments,
AD of gray birch leaves decreased with increasing water availability and did not change as a
function of water availability for yellow birch leaves. When larvae were fed leaves grown under
100 kg/ha/yr, AD increased with increasing water availability in both species. At the highest N
availability, increasing water availability stimulated AD when larvae were fed gray birch leaves,
but decreased AD when larvae were fed yellow birch leaves (Fig. 4.2). Larval efficiency at
converting ingested food into biomass is the mathematical product of AD and ECD. Patterns of
ECI were most similar to and appeared to be determined by ECD (Fig. 4.2). Under no N
addition and 100 kg/ha/yr NH4NO3 treatments, increasing water availability did not affect ECI.
When larvae were fed leaves grown under the highest N condition, ECI of larvae fed gray birch
leaves decreased under ambient water conditions and increased under ambient and augmented
water conditions when larvae were fed yellow birch leaves.
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DISCUSSION

Emerging evidence indicates that insect herbivores may respond in an unpredictable fashion
when fed leaves of plants grown under water stress and elevated N conditions (Thomas and
Hodkinson 1991; Dudt and Shure 1994; English-Loeb et al. 1997; Suomela and Neuvonen
1997). My study, which focused on gypsy moth response to leaves of seedlings grown under
variations in N and water supply, adds to this evidence. I predicted that, in support of the CNB
hypothesis, N fertilization would increase leaf N and reduce concentrations of C-based
secondary compounds. I also hypothesized that reductions in water supply would decrease foliar
quality to gypsy moth larvae, but increase their consumption rate of this lower quality foliage. I
found weak evidence to support both hypotheses and strong evidence that gypsy moth
performance is dependent on plant species, rather than resource-mediated changes in foliar
chemistry.
I found strong species differences across most leaf characters. I found that gray birch
was a more nutritiously suitable host species for gypsy moth, compared to yellow birch. Gray
birch leaves were slightly thicker and contained higher LWC, sugar concentration, N
concentration, and SUG/CT. Gray birch foliage also contained lower C/N ratios and lower
condensed tannin concentrations than yellow birch. These results are consistent with those of
other deciduous species, where fast-growing, shade-intolerant species, such as gray birch,
contained lower levels of carbon-based secondary compounds than slower growing, shadetolerant species, like yellow birch (Coley et al 1985; Dudt and Shure 1994). Differences in foliar
chemistry found in the present study between leaves of gray birch and yellow birch provide
strong evidence that gray birch is a more suitable host species for gypsy moth larvae than yellow
birch (Liebhold et al. 1995; Traw et al. 1996).
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Varying water availability to seedlings grown under elevated N minimally affected the
foliar characters I measured. There is evidence that, in accordance CNB hypothesis, foliar N
concentrations increase and carbon-based compounds decrease with N fertilization, resulting in
higher quality foliage for insect herbivores (Bryant et al. 1983; Thomas and Hodkinson 1991;
Erelli et al. 1998; Hättenschwiler and Schafellner 1999). While I observed increased foliar N
and chlorophyll concentrations with N fertilization, these responses were nonlinear and species
dependent. Response of foliar N compounds resembled a convex pattern, with the greatest
increase observed in seedlings grown under 100 kg/ha/yr NH4NO3. These results are similar to
those that have shown an initial pulse in foliar N levels during early stages of N fertilization,
followed by a return to pre-application levels with further N addition (Aber et al. 1989; Yarie
and Van Cleve 1996). Also similar to my study, other studies have failed to find changes in
carbohydrate concentrations of various deciduous tree species when exposed to manipulations
that were predicted to alter foliar chemistry (Lindroth et al. 1993; Dudt and Shure 1994; Roth
and Lindroth 1994).
I hypothesized that foliar quality of elevated N foliage would have been reduced further
under reduced water conditions. However, with the exception of foliar SUG/CT, water
availability did not affect foliar characters. There is evidence from previous studies that water
stress increases the size of the SUG/CT ratio by stimulating sugar concentrations more than
tannins, and that this ratio is positively related to host plant selection by gypsy moth (Mattson
and Haack 1987). In support of these findings, I found that foliar SUG/CT ratios were
stimulated by reduced water availability. Furthermore, I found that this ratio was higher in gray
birch foliage and, across most parameters, gypsy moth larvae fed gray birch tissue outperformed
larvae fed yellow birch tissue.
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Although I detected few N- and water-induced changes in foliar chemistry, patterns of
larval performance implied that gypsy moth were sensitive to differences in leaves of host
species when seedlings were grown under variations in water supply and elevated N levels. I
found that larval response reflected the nonlinear patterns of elevated nitrogen availability on
foliar N compounds. Growth rates of larvae fed foliage from seedlings exposed to 200 kg/ha/yr
were lower than those fed foliage exposed to 100 kg/ha/yr.
Larvae also showed evidence of compensatory feeding behavior (Slansky and Wheeler
1992). When fed a less nutritive species, yellow birch, larvae consumed tissue from no N
treatments at a faster rate than tissue from N-fertilized treatments. I also found that larvae
consumed foliage from low water treatments at a faster rate and had a higher efficiency at
converting digested low water foliage than foliage from high water treatments. Larvae also
exhibited faster growth rates when fed low water foliage, compared to high water foliage,
regardless of species or N supply. These changes in larval performance, however, were only
minimally affected by changes in foliar chemistry, since the only nutritive character to be altered
by water availability were foliar SUG/CT ratios. Results from this study agree with others, that
the effects of reduced water availability on foliar chemistry and resulting insect performance are
nonlinear and inconsistent (Thomas and Hodkinson 1991; Floater 1997).
I found strong differences due to treatment interactions on foliar digestibility and larval
biomass conversion efficiencies. At the lower level of N addition (100 kg/ha/yr), reductions in
water availability enhanced ECD of foliage to larvae, providing evidence in support of the plantstress hypothesis. However, contrary to the plant-stress hypothesis, AD of foliage was reduced
under these conditions and consequently, ECI was unaffected. In support of the plant-stress
hypothesis, reduced water availability enhanced AD of yellow birch foliage grown under the
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higher level of N addition (200 kg/ha/yr). The same conditions reduced larval ECI, which
provided evidence contrary to the plant-stress hypothesis. I found that the effects on biomass
conversion efficiencies were greatest when larvae fed on gray birch tissue. My results do not
support those of Thomas and Hodkinson (1991), who showed that the effects of drought-stressed
foliage on insect performance were greatest on plants from low N environments. With the
exception of AD of gray birch leaves, I also found no evidence for improved nutritional indices
when water was reduced under no N supplementation.
In summary, results from this study reveal that some aspects of foliar chemistry are
sensitive to reductions in water availability under elevated N conditions and that these
manipulations are associated with changes in performance of gypsy moth larvae. My results
indicate that larval nutritional indices will be more sensitive to and more unpredictable in waterstressed, elevated N environments. However, these changes in larval performance do not appear
to greatly stimulate larval growth and consumption rates in ways that would exacerbate insect
outbreaks and forest tree defoliation. More importantly, like Traw et al. (1997), I found that
gypsy moth performance is highly dependent on host plant species. These strong speciesdependent effects suggest that the interactive effects of resource supply on seedling growth and
factors influencing species composition will be more important than their effects on foliar quality
in determining forest susceptibility to insect outbreaks of generalist insect herbivores.
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GENERAL DISCUSSION

The purpose of this research was to test the hypothesis that elevated N exacerbates tree seedling
response to water limitations and to examine the consequences that these responses have on
herbivory by a generalist insect folivore. In the first experiment, I examined growth and biomass
allocation of three deciduous tree species exposed to variations in water supply and elevated N. I
expected that elevated N supply would stimulate growth and seedlings would allocate biomass in
favor of shoot production, at the expense of root production. Several studies have shown a
similar response for deciduous and coniferous species when grown under elevated N conditions
(Osonubi and Davies 1981; Emmett et al. 1995; De Visser et al. 1996; Lippert et al. 1996).
Many of these studies have also shown that plants exhibiting these responses are more
susceptible to drought injury (Van der Eerden and Perez-Soba 1992; Ibrahim et al. 1998).
I found some evidence to support this hypothesis, but the effects varied among the
species I examined. Gray and yellow birch both showed increases in total biomass, growth rates,
and leaf area production with N addition. I did not, however, observe reductions in root growth
for either birch species. On the other hand, total biomass, growth rates, and shoot growth of red
oak seedlings were not responsive to N addition, but root weight ratios and, thus R:S ratios were
significantly reduced with N addition. Despite the fact that I did not observe any effects of
reduced water availability on seedling growth, I concluded that seedling response to elevated N
increases the potential for transpirational water loss in birch seedlings and decreases the potential
for water uptake in red oak seedlings. I also observed that elevated N stimulated net assimilation
rates of both birch species. In all cases where elevated N stimulated growth characters, response
of yellow birch seedlings was more pronounced, relative to gray birch seedlings. These birch
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species occur in northeastern North American forests and both exhibit different life history traits
(Burns and Honkala 1990). Given the sensitivity of yellow birch seedling growth and biomass
allocation to elevated N availability, I suggested that elevated N deposition into North American
forests could alter competitive interactions between gray birch, yellow birch, and red oak
seedlings.
In the second experiment, I hypothesized that the increased potential to experience water
stress, exhibited by the N-induced stimulation of shoot growth in both birch species, would
manifest itself at the leaf level, mostly through changes in stomatal conductance and resourceuse efficiency. I examined instantaneous photosynthetic response, photosynthetic capacity, and
leaf properties of gray and yellow birch seedlings exposed to variations in water supply under
elevated N conditions. I expected to see increased photosynthetic rates in seedlings grown under
elevated N treatments. As water supply to these seedlings decreased, I expected to see reduced
stomatal conductance and improved water-use efficiency. I found little evidence to support my
hypotheses. Gray birch seedlings showed a greater photosynthetic response than yellow birch
seedlings, but neither was sensitive to N and water supply across most measures of
photosynthetic response. Overall, I found that Anet, gs, photosynthetic capacity, PWUE, PNUE, foliar
N, and chlorophyll concentrations were greater for gray birch seedlings, than yellow birch
seedlings. These results were expected, due to the faster growth rate of this early successional
species.
Aside from differing in growth rates and resource requirements, gray and yellow birch
differ in host suitability for gypsy moth larvae (Liebhold et al. 1995; Traw et al. 1996). I
conducted the third experiment to determine how variations in water availability would alter
foliar chemistry of seedlings grown under elevated N conditions and foliar quality to gypsy
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moth. I tested two hypotheses: (1) seedlings exposed to elevated N would produce high quality
foliage for herbivores, with relatively greater concentrations of N-containing compounds and
lower concentrations of C-containing compounds (the carbon/nutrient balance hypothesis;
Bryant et al. 1983) and (2) that the high foliar quality of leaves from elevated N treatments
would decrease for plants exposed to reduced water availability. I found that foliar N and
chlorophyll concentrations were stimulated with N (100 kg/ha/yr NH4NO3). However, most
measures of foliar chemistry were unresponsive to variations in nitrogen and water supply.
Similar to my study, others have revealed a nonlinear and unpredictable response of foliar
chemistry to increasing water stress (Thomas and Hodkinson 1991; Floater 1997; Shure et al.
1998).
As expected, gypsy moth larvae exhibited greater performance when fed gray birch
tissue. While I found little sensitivity of foliar chemistry to changes in seedling N and water
availability, most measures of insect performance were sensitive to these manipulations. I found
evidence for larval compensatory feeding behavior (Slanksy and Wheeler 1992), where they
consumed lower quality foliage at faster rates than higher quality foliage. The response of larval
nutritional indices to foliage from treatments was variable and patterns were unclear. I
concluded that the changes I observed in larval performance due to resource supply of host
species do not impact growth rates or consumption rates in ways that would increase outbreak
susceptibility in forests receiving elevated N deposition and variable rainfall events. It is more
likely that the potential for gypsy moth outbreak will depend on factors that regulate forest
species composition.
In summary, I found that elevated N differentially affects the growth of deciduous tree
species in ways that increase their potential to experience symptoms of water stress. Although it
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was not clear in my study, others have shown that plants make physiological adjustments to
compensate for increased drought sensitivity, such as changes in resource-use efficiency (Field et
al. 1983; Reich et al. 1989; Wang et al. 1998). The extent to which different species are able to
make these adjustments could ultimately determine their success in water-limiting, elevated N
environments. Future studies should examine how varying water supply to seedlings grown
under elevated N availability affects seedling survival and regeneration in the field, and the
impact on changes in forest species composition. This is especially important to consider, since
alterations in forest species composition could greatly affect forest susceptibility to defoliation
by generalist insect herbivores, such as gypsy moth.
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